Foreword 


The history of science, like that of all other fields of human endeavor, 
is marked by various fashions in thought which have predominated dur- 
ing certain periods. The human factor in the evolution of science is ap- 
parent throughout its many branches and can be traced in the develop- 
ment of chemistry, both pure and applied. 

In the days of ancient Greece when manual experimentation was held 
in contempt, philosophers dreamed of four ‘^elements’^ from which all 
matter supposedly stemmed: earth, fire, air, and water. Through the 
centuries which followed, a veil of mysticism and half-truth — pierced 
now and again at rare intervals by some scintillating intellect — shrouded 
man’s wonder and curiosity about the world in which he lived. Gradu- 
ally he began to toy with the merit of weighing ideas against observed 
facts. Slowly there dawned an appreciation of the inestimable value of 
well-planned, carefully executed, and critically inter])retcd experimenta- 
tion. The curious witches’ brews of the alchemist disappeared. The mod- 
ern science of chemistry was brought forth. 

By 1800 the new science of matter had gained a firm foundation in 
Dalton’s atomic theory. Many of the more important elements were 
already recognized and a large number of compounds had been analyzed. 
An inexplicable difference, however, appeared to exist between com- 
pounds of mineral origin and those which were found in the vegetable 
and animal kingdoms. A considerable number of the former could be 
prepared in the laboratory, but the synthesis of the latter had thus far 
defied the chemist’s ingenuity. It seemed that, somehow, nature had the 
power to construct in her laboratories of living matter compounds which, 
though they could be broken down by analytical methods, could not be 
built up by man. Thus there arose a division of chemistry into two 
branches, the one known as mineral, or inorganic, the other as organic 
in which some obscure 'Vital force” supposedly played an essential role 
in effecting synthesis. Bit by bit, doubt was cast upon the veracity of 
assuming that organic compounds must necessarily be associated with liv- 
ing, that is to say "organized,” matter. Alcohol, urea, and acetic acid 
were produced in the laboratory. But these substances were at first 
thought to be exceptions which stood halfway between mineral bodies 
and compounds definitely known to be present in organized matter. At 
length, however, about the middle of the nineteenth century, masterly 
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studies of the great French scientist-statesman, Berthelot, resulted in the 
synthesis of certain fats, a class of compounds which indisputably held 
clear title to animal origin, and the vital force theory became entirely un- 
tenable. By that time it had been clearly discerned that a common char- 
acteristic of all organic compounds is the presence of a considerable por- 
tion of carbon in their composition. Organic chemistry was thenceforth 
recognized as the study of the compounds of carbon. 

During the infancy of organic chemistry in the first half of the last 
century, an era when the elements were being discovered, when analytical 
methods were being developed, when empirical facts were being obtained 
without knowledge of their relationships to each other, and when the 
'‘vital force” theory waxed and waned, many suggestions were proposed 
for classifying and correlating this vast assembly of newly acquired 
knowledge in order to form a coherent basis for future scientific advance. 
The chaotic state of this field at that time can be judged by a quotation 
from Friedrich Wohler, eminent German chemist who is often inaccurately 
credited with the first organic chemical synthesis — an honor which rather 
belongs to the Englishman, Henry Hennell, who prepared alcohol from 
ethylene in 1826. In 1835 Wohler wrote Berzelius, "Organic chemistry 
just now is enough to drive one mad. It gives me the impression of a 
piimeval tropical forest, full of the most remarkable things, a monstrous 
and boundless thicket, with no way of escape, into which one may well 
dread to enter.” Many theories were proposed and abandoned, but by 
1840 sufficient order had emerged from the great mass of experimental de- 
tail — often not too exact — ^to make it possible for penetrating minds to 
divine that organic compounds must possess distinct molecular structures 
in which atoms of various elements are assembled in definite groupings. 
Once this idea was grasped, organic chemistry entered its adolescence — 
a period whicli was amazingly brief for the postulation of a few simple 
structural tlieories was so fruitful tliat as early as 1856 the English chem- 
ist, Sir William Henry Perkin, discovered mauve, obtained by the action 
of oxidizing agents on crude coal tar aniline. By that time the ground- 
work of the science had become well established and the chemistry and 
technology of coal tar dyes expanded rapidly. "Aniline colors” were 
numbered by the hundreds within two score years and, by the turn of 
the century, they had completely displaced natural alizarin from the 
madder crops of France and were menacing the natural indigo industry 
of the Orient. 

Establishment of the important dyestuffs industry upon the foundations 
of a new science whose basic theories were still in a state of flux made 
a deep impression upon the mind of the general public — ^the more so be- 
cause the raw material upon which the industry was built was the vile 
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Preface 


For many years it has seemed to the author that increasing interest and 
enthusiasm in the ramifications of high polymers warranted publication 
of a text which would correlate scientific information in this domain 
with actual industrial practice. The need for such a book was evident 
when the writer first embarked upon research in this field. It became still 
further apparent when he was later engaged in university instruction and 
then in lecturing before many different types of audiences. The student 
had to be guided through the plant. The industrialist seeking to apply 
plastics in his business wished an introduction to the laboratory. 

Since the time when this manuscript was begun, several authorities have 
published excellent and valuable books discussing various aspects of the 
plastics industry. Nevertheless, there still appears to be room for a cri- 
tical analysis of the vast fund of information that was already more than 
voluminous in the days of Ellis^ compendium and which has swollen to 
enormous proportions since then. 

This text makes no pretense of being encyclopedic in the sense of Ellis. 
It does attempt to be selective with respect to information particularly 
pertinent to industrial practice. Regardless of theoretical interest, little 
or no consideration has been given to innumerable journal articles and 
patents which are not rather directly reflected in current commercial 
operations, 

A word of explanation should be given concerning the abbreviated lists 
of literature references at the end of each chapter. They are by no means 
comprehensive, nor do they begin to cover the material consulted in the 
preparation of this book. Their purpose is two-fold: first, to suggest a 
few primary sources for additional reading; secondly — and still more im- 
portant from an editorial viewpoint^ — to provide adequate means of 
acknowledging the large amount of graphical and tabular matter drawn 
from various publications. 

The writing of this book was initiated and carried largely to completion 
while the author was occupied with an investigation of synthetic resins 
and plastics for the Pittsburgh Equitable Meter Company at Mellon In- 
stitute, It has been finished since his association with the Onyx Oil & 
Chemical Company. 

To W. A. Hamor, Assistant Director of Mellon Institute, the author is 
grateful for his enthusiastic interest and invaluable suggestions through- 
out the preparation of the manuscript. 
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L. M. Van der Pyl, Chief Chemist of the Pittsburgh Equitable Meter 
Division, has redrawn from original publications all the graphs and sev- 
eral other diagrams used herein. He has adapted most of them in one way 
or another in order to enhance their presentation of data. He has also 
helped with some of the bibliographic work and has prepared a portion of 
the photographic material. 

Many experts throughout the plastics industry have generously con- 
tributed assistance by painstakingly reviewing sections of the manu- 
script. For such help the author is indebted to Shailer L. Bass, Dow 
Corning Corp.; N. J. Beaber, Mellon Institute; Michael A. Brown, Jr., 
Monsanto Chemical Co.; W. C. Davis, American Cyanamid Co.; Albert 
L. Elder, Com Products Refining Co.; C. H. Fisher and associates. East- 
ern Regional Research Laboratory; Harry L. Fisher, U. S. Industrial 
Chemicals, Inc.; Lyle M. Geiger, The Neville Co.; W. C. Goggin and 
associates, The Dow Chemical Co.; James K. Hunt and several associates, 
especially R. B. Akin, E. B. Cooper, V. A. Cosier, G. P. Hoff, A. F. Ran- 
dolph, Charles H. Rutledge, E. W. Spanagel, F. V. Wemple, and L. G. 
Wise, E. I. du Pont de Nemours & Co.; K. B. Mathewson, Shawinigan 
Chemicals, Ltd.; F. M. Meigs and Margaret M. Flannery, General Ani- 
line & Film Corp.; Cole P. Morgan, Vulcanized Rubber & Plastics Co.; 
George 0. Morrison, Shawinigan Products Corp.; Frederick J. Myers and 
C. L. Levesque, The Resinous Products & Chemical Co.; Emil Ott and 
associates, Hercules Powder Co.; Richard W. Quarles, Mellon Institute; 
Alice G. Renfrew, Mellon Institute; Robert G. Ruark, Mellon Institute; 
J. Richter Salvesen, Marathon Corp.; L. T. Sandbom, Mellon Institute; 
George K. Scribner, Boonton ^folding Co.; J. Kenson Simons and asso- 
ciates, Plaskon Division, L.~0.~F. Glass Co. ; Allan K. Smith and Cyril D. 
Evans, Northern Regional Research Laboratory; Robert Steinman, 
Owens-Corning Fiberglas Corp.; H. R. Strohecker, Youngstown Welding 
& Engineering Co.; Harold E. Weaver, Mellon Institute; and Archie J. 
Weith, Bakelite Corp. 

Many other kind friends have contributed valuable suggestions and in- 
formation on specific subjects without which this book would have been 
less complete. Unfortunately, individual mention cannot be made of the 
large number of those who have supplied details on many different points, 
made available technical data on commercial products, and provided 
photographs. Kathleen Bronder of Mellon Institute has rendered much 
secretarial assistance in collecting this material. 

The author is indebted to all owners of copyright matter which appears 
in this text. Permission for its use has been obtained in every case, both 
here and abroad. Sources are acknowledged through bibliographic refer- 
ences. Particular mention should be made of various publications of the 
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American Society for Testing Materials, as well as Chemical and Metal- 
lurgical Engineering, Industrial and Engineering Chemistry, the Journal 
of the American Chemical Society, and Modem Plastics from which a 
large amount of material has been drawn. 

Finally, the author wishes to thank Messrs. F. M. Turner and G. G. 
Hawley, also Miss C. J. Loeffler and Miss J. M. Sternberg of the Reinhold 
Publishing Corporation for their cooperation in this work. 

Reginald L. Wakeman 

New York, 

June, 1948 
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Foreword 


The history of science, like that of all other fields of human endeavor, 
is marked by various fashions in thought which have predominated dur- 
ing certain periods. The human factor in the evolution of science is ap- 
parent throughout its many branches and can be traced in the develop- 
ment of chemistry, both pure and applied. 

In the days of ancient Greece when manual experimentation was held 
in contempt, philosophers dreamed of four “elements” from which all 
matter supposedly stemmed: earth, fire, air, and water. Through the 
centuries which followed, a veil of .mysticism and half-truth — pierced 
now and again at rare intervals by some scintillating intellect — shrouded 
man’s wonder and curiosit3' about the world in which he lived. Gradu- 
ally he began to toy with the merit of weighing ideas against observed 
facts. Slowly there dawned an appreciation of the inestimable value of 
well-planned, carefully executed, and critically interpreted experimenta- 
tion. The curious witches’ brews of the alchemist disappeared. The mod- 
ern science of chemistry was brought forth. 

By 1800 the new science of matter had gained a firm foundation in 
Dalton’s atomic theory. Many of the more important elements were 
already recognized and a large number of compounds had been analyzed. 
An inexplieable difference, however, appeared to exist between com- 
pounds of mineral origin and those which were found in the vegetable 
and animal kingdoms. A considerable number of the former could be 
prepared in the laboratory, but the synthesis of the latter had thus far 
defied the chemist’s ingenuity. It seemed that, somehow, nature had the 
power to construct in her laboratories of living matter compounds which, 
though they could be broken down by analytical methods, could not be 
built up by man. Thus there arose a division of chemistry into two 
branches, the one known as mineral, or inorganic, the other as organic 
in which some obscure “vital force” supposedly played an essential role 
in effecting synthesis. Bit by bit, doubt was cast upon the veracity of 
assuming that organic compounds must necessarily be associated with liv- 
ing, that is to say “organized,” matter. Alcohol, urea, and acetic acid 
were produced in the laboratory. But these substances were at first 
thought to be exceptions which stood halfway between mineral bodies 
and compounds definitely known to be present in organized matter. At 
length, however, about the middle of the nineteenth century, masterly 
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studies of the great French scientist-statesman, Berthelot, resulted in the 
synthesis of certain fats, a class of compounds which indisputably held 
clear title to animal origin, and the vital force theory became entirely un- 
tenable. By that time it had been clearly discerned that a common char- 
acteristic of all organic compounds is the presence of a considerable por- 
tion of carbon in their composition. Organic chemistry was thenceforth 
recognized as the study of the compounds of carbon. 

During the infancy of organic chemistry in the first half of the last 
century, an era when the elements were being discovered, when analytical 
methods were being developed, when empirical facts were being obtained 
without knowledge of their relationships to each other, and when the 
“vital force” theory waxed and waned, many suggestions were proposed 
for classifying and correlating this vast assembly of newly acquired 
knowledge in order to form a coherent basis for future scientific advance. 
The chaotic state of this field at that time can be judged by a quotation 
from Friedrich Wohler, eminent German chemist who is often inaccurately 
credited with the first organic chemical synthesis — an honor which rather 
belongs to the Englishman, Henry Hennell, who prepared alcohol from 
ethylene in 1826. In 1835 Wohler wrote Berzelius, “Organic chemistry 
just now is enough to drive one mad. It gives me the impression of a 
primeval tropical forest, full of the most remarkable things, a monstrous 
and boundless thicket, with no way of escape, into which one may well 
dread to enter.” Many theories were proposed and abandoned, but by 
1840 sufficient order had emerged from the great mass of experimental de- 
tail — often not too exact — ^to make it possible for penetrating minds to 
divine that organic compounds must possess distinct molecular structures 
in which atoms of various elements are assembled in definite groupings. 
Once this idea was grasped, organic chemistry entered its adolescence — 
a period which was amazingly brief for the postulation of a few simi)le 
structural theories was so fruitful that as early as 1856 the English chem- 
ist, Sir William Henry Perkin, discovered mauve, obtained by the action 
of oxidizing agents on crude coal tar aniline. By that time the ground- 
work of the science had become well established and the chemistry and 
technology of coal tar dyes expanded rapidly. “Aniline colors” were 
numbered by the hundreds within two score years and, by the turn of 
the century, they had completely displaced natural alizarin from the 
madder crops of France and were menacing the natural indigo industry 
of the Orient. 

Establishment of the important dyestuffs industry upon the foundations 
of a new science whose basic theories were still in a state of flux made 
a deep impression upon the mind of the general public— the more so be- 
cause the raw material upon which the industry was built was the vile 
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smelling, black, and sticky waste product, coal tar— bane of the gas- 
works engineer! Moreover, the brilliance of the products of the industry 
left no hint of their lowly origin and their ubiquitous colors enlivened even 
the most inexpensive articles of daily attire. The World War of 1914- 
1918 brought to America an acute realization of the importance of coal 
tar dyes. For the first time since their birth, their importation was ar- 
rested. The infant dyestuffs industry as it then existed in this country 
was unprepared to cope with such an emergency. It struggled valiantly, 
however, against great odds imposed upon it by the fundamental military 
exigencies of the epoch. The trials and vicissitudes of the long-suffering 
American public during the early days of the dyestuffs shortage, when 
laundering would often turn the black cotton stockings of those days a 
sickly green or gray, served only to emphasize the meteoric success of the 
American organic chemical industry which, by 1918, was filling domestic 
dye requirements with high grade products equal in quality to former 
imports. 

Dyestuffs became the symbol of organic chemistry. Indeed, twenty 
years ago it was not uncommon to hear it said that all pioneering in this 
domain was over — ^that organic chemistry was no longer a virile science 
for no discoveries of fundamental importance had been made by its 
devotees since the brilliant 4clat of the aniline dye industry 1 

Brief was the time during which pessimistic voices of this kind could 
gain audience. Not only then, but even before the birth of coal tar dyes 
and during the period of their pyrotechnic burst of splendor, the founda- 
tions were slowly being laid for a new period of glory for industrial or- 
ganic chemistry, frequently — even if perhaps too enthusiastically — called 
the Age of Plastics! 



Chapter 1 
Introduction 


Definitions 

Plastics — around this word has raged many a philological battle; about 
its meaning has-been fired many a polemical volley. As its use has de- 
veloped in American industry, it now covers a large group of organic 
substances, either wholly or in part synthetic, which can be molded into 
coherent solid articles that retain their shape indefinitely at room tem- 
perature. In the stricter sense — ^which has been called by our British 
friends “An American perversion of the English language” — ^it refers 
specifically to molded articles which, themselves, are not plastic in the 
us\ial dictionary sense, but which are formed from materials that are 
plastic and hence moldable at some stage during the process of fabrica- 
tion. From the chemist’s vantagepoint, this nicety of distinction between 
the fabricated article and the material from which it is made is often 
difficult to detect. 

The essential components of all plastics are substances which possess 
resinous characteristics. Resins may be natural, partly synthetic, or 
wholly synthetic. For molding purposes they are often physically ad- 
mixed with various fillers or plasticizers, according to type, and with other 
materials such as dyes and mold lubricants. There arc other plastics 
besides those which are utilized in molded shapes. Many of them find 
use in the manufacture of sheets, filaments, textiles, adhesives, coating 
compositions, synthetic rubbers, and divers other commodities. Often a 
single kind of resin may be used in several of these products. It is be- 
coming more and more difficult to erect a line of demarcation between 
molded plastics and the many other more or less shaped forms in which 
synthetic resins are employed. 

The most conspicuous physical characteristic common to all resins is 
their lack of visible crystalline form. It is this lack of macro-crystallinity 
which accounts for many of their valuable properties, and therein also 
lies the reason for the scant progress made in this field during the early 
years of organic chemistry. 

It has long been recognized that composite matter is made up either of 
definite chemical compounds or of physical mixtures. In a given com- 
pound, the elements are always combined in the same definite proportions 
regardless of the physical treatment which man may give it, such as 

1 
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sieving, distilling, crystallizing, or levigating. In a mixture there are no 
necessary limitations on the proportions in which the elementary con- 
stituents can be mechanically admixed. Hence it is evident that, if the 
chemist is to obtain a fundamental insight into the nature of matter, he 
must work with pure compounds rather than mixtures. He must there- 
fore first free whatever substance he is investigating from impurities. 
The laws of organic chemistry were established largely as a result of the 
analysis and study of the behavior of many carefully purified compounds. 
Two methods proved of particular value in carrying out these essential 
jHirifications: the one, distillation; the other, cry8talli2Mition. It is not 
surprising that organic chemists became so preoccupied with methods of 
purification that nothing so filled them with chagrin as to carry out a reac- 
tion that resulted only in the production of a non-cr\^stallizable and non- 
distillable resinous paste or tarry mass— which students to this day still 
call by the inglorious name of ^^gunk” or ^^goo.” Such uninviting products 
were anathema to the orthodox research chemist and were hastily aban- 
doned. 

We now know that there is an important difference between compounds 
which can be easily purified by distillation or crystallization and those 
which are resinous in nature. The difference is one of degree rather than 
kind. It lies in the number of atoms which are united in a single molecule 
of the compound. If only a few’ atoms are present, the molecule is small 
and the substance is a gas, a distillable liquid, or a solid which can 
usually be crystallized. Methane, known as marsh gas or fire damp, 
contains a total of but five atoms: one of carbon and four of hydrogen. 
Even the relatively complex crystalline glucoside indican, from w^hich 
natural indigo is obtained, has a total of only forty-seven atoms of four 
different elements: carbon, hydrogen, oxygen, and nitrogen. On the other 
hand, where the individual molecules of a compound are constituted of a 
large number of atoms, the substance, either liquid or solid, cannot 
usually be distilled or crystallized in the form of visible crystals, although 
at times it may possess a sub-microscopic crystalline character detectable 
by x-ray diffraction patterns. It is exceedingly difficult to purify and is 
more or less resinous in character. All resins are composed of large 
molecules which may contain from a few score atoms to several hundred 
thousand. They are usually mixtures of many similar molecular species 
of varying weight. From a chemical viewpoint, the size of their molecules 
is the most distinguishing feature of the resinous components of plastics. 

Natural Products Related to the Plastics Industry 

In her laboratories of living matter in both the animal and vegetable 
kingdoms, nature is constantly building up many organic substances 
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which possess big molecules. Cellulose, universally present in plant tissue, 
and proteins which constitute the bulk of animal flesh, belong to this 
category. Even some of our mineral stores of vegetable origin, like coal 
and natural asphalt, show resinous characteristics. Ever since man first 
appeared upon this planet he has depended upon nature^s high molecular 
weight products to supply him with the necessities of life. Leather, furs, 
and textiles made from various natural fibers such as cotton, flax, jute, 
and hemp, have clothed his body. Wood and straw have provided him 
with shelter. Coal and wood have warmed him. Meat and vegetables 
have given him sustenance. Sheets of cellulosic materials — paper during 
the past three centuries — have provided him with a medium upon which 
to inscribe his thoughts, transmit his knowledge, send messages of joy 
and sorrow. Substances constituted of big molecules make up the major 
part of all these gifts of Providence. In the development of modern 
plastics, the chemist has but taken a leaf from nature's notebook, some- 
times simply modifying her products the better to suit his needs for 
certain purposes, sometimes imitating her synthesis of high molecular 
weight compounds, but in so doing making brand new substances of his 
own. 

Asphalt and Pitch. Although plastics made by man from semi- 
synthetic resins have been known for scarcely a century and those derived 
from wholly synthetic resins were first produced commercially in 1910, 
yet the roots of the plastics industry reach back into the distant past 
for more than 5000 years of man's utilization of natural resins, gums, and 
a.sphalts. Indeed the discover^' of natural materials of resinous character 
is lost in antiquity. Fossilized remains of plants and animals have been 
preserved for 250 centuries or more in the asphalt pits of Rancho-la-Brca 
near Los Angeles. Asphalt was used as an adhesive and cement even in 
prehistoric times. It was emi)loyed by the Sumerians more than 3000 
years before Christ in the manufacture of mastic flooring — ^still an im- 
portant use today. Ritualistic bathing pools built in ancient India were 
waterproofed with asphalt, wdnle numerous references occur in the Bible 
to its use as a wateri)roofing agent and binder. Noah's ark, for instance, 
is supposed to have been protected thereby both within and without, while 
the Tower of Babel is thought to have been constructed with the use of an 
asphalt mortar. The Babylonians employed asphalt in paving their 
streets, an art subsequently lost and rediscovered only during the last 
century. 

Methods of making more or less asphalt-like substances artificially are 
of far more recent origin. Although turpentine was known by the Greeks 
in the days of Herodotus or before, and although the naval stores in- 
dustry was established in Scandinavia at an early date, yet the first 
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written mention of the large-scale production of wood pitch seems to 
have been made by Robert Boyle in his famous “Chemistra Scepticus/' 
It was not until twenty years after that, in 1861, that two Englishmen, 
Joachim Becker and Henry Series, patented their epochal discovery of the 
process for coking coal, thereby producing coal tar pitch. 

Natural Resins. Asphalts and pitches are resinous materials. Both 
give rise to a conchoidal fracture upon breaking — often a simple way 
of deciding whether or not a substance is a resin. The products which 
are ordinarily called natural resins, however, and which find use especially 
in the varnish industry, are for the most part exudations of plants. They 
include both recent and fossil resins. Dammar, elemi, guaiacum, mastic, 
and rosin are typical recent resins; amber is fossil. Copal may be either 
recent or fossil. The word gum is often applied to some of these materials. 
It is common practice to speak of kauri gum or gum elemi, although the 
preferred usage of gum is restricted to complex materials of carbohydrate 
nature which are entirely different in composition from the natural resins. 
The true natural gums, like tragacanth and arabic, are soluble in water 
or at least swell therein. The natural resins are water-insoluble. Most 
of the latter have been used for many centuries in their countries of 
origin. Among those longest known in the West are amber, mastic, rosin, 
and Japan lac. Several that are now important, like New Zealand kauri, 
first mentioned in Captain Cook’s diary for November 16, 1769, were not 
utilized in the Occident before the nineteenth century. 

It would be an interesting study to trace the development of the tech- 
nology of these natural resins through the ages. Some of them were used 
by the Egyptians in varnishing sarcophagi. Amber was known to the 
ancients, being used in the fabrication of both jewels and varnishes. 
Thales of Miletus, who lived about 600 b.c., is supposed to have dis- 
covered that, upon rubbing, this natural resin acquires the projicrly of 
attracting particles of various light substances. Because of this character- 
istic, Queen Elizabeth’s physician, William Gilbert, coined the word 
'^electric” after the Greek for amber: elektron. It was in Gilbert’s work, 
‘^De Magnete” (1600), that the terms electric force and electric attrac- 
tion were first employed. 

In our study of the history of the natural resins, we should be sur- 
prised, perhaps, by tlie role which they have played in the arts. Even 
before the Renaissance they were used by great painters and fabricators 
of stringed instruments. Their use in varnish was well known in the 
days when clocks were rare, so that we find recipes of the varnish cooker, 
like that of Jacobus de Tholeto, written in 1440, which instructs one to 
let the oil burn at the mouth of the kettle for the length of time required 
to say three paternosters. One often wonders if a similar combination 
of prayer and industry might not improve modern living! 
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The natural resin of greatest importance today is rosin, produced 
largely in this country and in France. The naval stores industry, which 
includes the manufacture of turpentine, rosin, and pine pitch, has been 
closely linked with the history of America. Indeed, in 1584 Philip Amados 
and Arthur Barlow referred to the oleo-resinous resources of the New 
World in a report to Sir Walter Raleigh. The production of turpentine 
and rosin was an important colonial industry. It began in 1608, an 
expedition being sent to the colony of Virginia expressly for this purpose. 
Tlie industry w^as encouraged by both the Crown and the Colonies, as 
evidenced by Virginia's act of 1720 to favorize the making of tar in that 
j)rovince. It is of j^rime importance today in seven of the southern states 
from the Carolinas to Louisiana. 

During the ])ast two decades, America has learned much from the 
more scientific methods used by the French naval stores industry. The 
latter of necessity developed along conservational lines because the 
jiine forests around Bordeaux are man-made and therefore limited in 
area. They are of recent origin, dating back only to 1803 when Bremon- 
tier began to plant jiine trees in the Landes to fix shifting sands and 
eliminate disease from that formerly barren region. 

Shellac. Although amber has been known many, many centuries and 
“gum" mastic is referred to by the Roman scientist, Pliny, shellac is of 
much later use. It is almost unique among resinous substances found in 
nature because it is of animal origin. The lac insect is mentioned in 
Sanskrit writings as early as 250 a.d., but the first known statement of its 
use in coating materials occurs in the Ain-i-Akbari , in 1590, where refer- 
ence is made to a shellac varnish for the imperial palace. The Sanskrit 
refers to the “Lakshataru," or lac tree, now known botanically as Butea 
j random, one of the most important hosts to the oochineal-like insect, 
Tachardia lacca, which excretes the resinous deposit that hardens into 
shellac. It is an interesting fact that these millimeter-long orange-red 
insects were formerly valued more for the dye that could be obtained from 
them than for the shellac which they produce. If we should watch them 
closely we might be tem]>ted to draw' a parallel betw^cen today’s civiliza- 
tion w'ith its atomic bombs and these tiny creatures wdiich manufacture 
their own death traj). 

Although shellac has been used for centuries in varnishes, it became of 
significance as a molding composition only tow'ard the end of the last 
century. Its use in conjunction with hard rubber had, to be sure, been 
contemplated by Nelson Goodyear in 1851 and spasmodic efforts w'ere 
later made by others to utilize it as a moldable plastic, but it did not 
attract important attention until 1895 w'hen Emil Berliner, after un- 
successfully trying to use hard rubber and nitrocellulose, found it satis- 
factory as a base for phonograph records. This use still accounts for 
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35-40 per cent of its domestic consumption in normal times. The amount 
utilized in this way is usually two or three times as much as the paint and 
varnish industry absorbs. The unique physical characteristics of shellac 
have allowed only one of the many newer plastics — ^‘Vinylite^^ — ^to com- 
pete with it in record manufacture. 

Early in the 20th century, shellac was introduced for the production of 
molded and laminated electrical insulation, and this use still ranks second 
in volume. Its low softening point, however, and its sensitivity to 
moisture made it imperative to find a substitute in the rapidly expanding 
electrical industry. Such a product was forthcoming in the phenol- 
formaldehyde resins, usually called the phenolics, sometimes the pheno- 
plasts. 

Until close to the middle of the last century, these various natural 
products and others like them were the only resins known. By the time 
that organic chemistry had cast off its swaddling clothes, natural resins 
were being used in such large amounts that the demand threatened to 
exhaust the supply. Moreover, the steady stream of technical advances 
resulting from the industrial revolution often demanded of a single 
constructional or decorative material various properties not coexistent 
in any known natural product, Such was the situation when the modern 
plastics industry was born. The history of this industry during the past 
century is a beautiful illustration of the application of scientific research 
of the highest caliber to the solution of difficult practical problems. Its 
early pages, even as its current chronicles, are filled with curioll^ search- 
ings after a motley group of things — from explosives and billiard balls 
to false teeth; from light bulb filaments to artificial silk and air])lane 
wings. 



Chapter 2 

History of the Plastics Industry 


Rubber 

The modem plastics industry had its inception in Charles Goodyear’s 
discovery of the process of vulcanization in 1839. Rubber, or some similar 
substance like balata or gutta percha, occurs as the characteristic solid 
component of all aqueous, milk-like emulsions known as latex that are 
found widely distributed in the plant world. Latex-bearing plants which 
arc common in North America are legion. Spurge, dandelion, golden rod, 
and milkweed are well-known examples. For various reasons, sometimes 
economic, sometimes chemical, the world’s supply of natural mbber is ob- 
tained almost solely from a single botanical species, the tropical tree, 
Ilevea brasiliensis, of South American origin, now cultivated on planta- 
tions throughout East Asia and in certain parts of Africa and South Amer- 
ica as well. 

Although 16th century descriptions of New Spain made casual reference 
to Indian games in which the players used a ball of elastic gum obtained 
from a native tree, the first observations of scientific significance relating 
to rubber were eontained in a report of Charles-Marie de La Condamine 
submitted to the French Academie des Sciences in 1751. La Condamine 
was a member of an expedition sent to the Equator in 1735 for a geodetic 
survey. The expedition lasted several years, during which time La Con- 
damine sent back from Ecuador samples of what he called caoutchouc, a 
Frenchified spelling of an expression meaning weeping tree in the language 
of the natives. He described its use by the Indians in the fabrication of 
such articles as water-resistant boots. The natives of Guiana called the 
tree Heve, whence the botanical name Hevea, first applied in 1762 by 
the French botanist, Aublet, to Hevea guyanensis. 

The rubber industry flourished for several years in England prior to 
the discovery of vulcanization. The first use of rubber was that from 
which it derived its English name and it is interesting to observe that the 
earliest known reference to this application was made by .loseph Priestley, 
famed English clergyman-chemist who removed to America in later life 
because of too fervent espousal of the cause of the French Revolution. 
In one of his writings, Priestley mentions “a substance excellently adapted 
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to the purpose of wiping from paper the marks of a black lead pencil.” 
Another Englishman, Charles Macintosh, developed a rubberized fabric 
used in raincoats which enjoyed considerable popularity, whence the still 
current name, mackintosh. Qwing to the less equable climate of the 
United States, most, if not all of the American firms which attempted to 
manufacture articles from crude rubber during the same period went into 
bankruptcy. The goods produced became brittle in winter, softened in 



Courtesy the Goodyear Tire 6r Rubber Co.t Inc. 

Figure 1. Charles Goodyear. 180O-18G0. 


summer, and deteriorated badly upon exposure to air and sunlight, so 
that at least one New England firm which sold rubberized raincoats 
was kept as busy with damage suits as with manufacturing activities. 

Soft Rubber. The process of vulcanization originated in the United 
States in 1839 with Charles Goodyear and was patented by him in 1844. 
Contrary to popular belief, his discovery was not the result of haphazard 
work and accidental luck, as, indeed, are very few scientific developments. 
It was the product of research — the outcome of several years of patient 
and persistent study of the properties of rubber and intelligent application 
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of knowledge acquired both by himself and his friends. As truth is 
stranger than fiction so, indeed, is the story of Goodyear^s trials and 
tribulations! Because of his devotion to the study of rubber he incurred 
debts that he could not pay, an unhappy circumstance for which he 
atoned in prison. While in jail, his friends attempted to dissuade him 
from his experimental ardor, but in vain. At long last, after many 
troubles, he hit upon the idea of reacting rubber with sulfur in the 
l)resence of litharge and his patience was rewarded by successful con- 
version of the raw substance into a stronger, yet elastic material far 
more resistant to heat and cold. 

In 1842, samples of Goodyear^s cured rubber were taken to England 
by a friend who sought to interest British capital in the discovery. For 
several years prior to that time, Thomas Hancock, inventor of rubber 
mastication, had been manufacturing articles from crude rubber in 
London. He was well aware of the limitations of his products, but did 
not know how to overcome them. Goodyear’s samples came to his 
attention through a friend named Brockedon, and he at once set about to 
discover the secret of what had been done to the rubber to change its 
properties so radically. In the following year he duplicated Goodyear’s 
work and obtained a patent in 1843. It was Hancock’s friend, Brocke- 
don, who suggested the term vulcanization because of the association of 
the Roman god with fire and brimstone. 

Hard Rubber. Twelve years after Charles Goodyear discovered the 
process of vulcanization, a younger brother. Nelson, not to be outdone 
by his elder, found that by incorporating a much higher percentage of 
sulfur in rubber, its softness and elasticity disappeared and hard rubber, 
called ebonite because of its resemblance to ebony, resulted. On May 6, 
1851, Nelson Goodyear w^as granted the first hard rubber patent and dur- 
ing the same year, Goodyear interests displayed at the Crystal Palace 
Exhibition in London a room in w^hich all of the furniture was made of 
rubber, including ebonite chairs and bureaus. 

Hard rubber rapidly increased in importance, becoming of invaluable 
assistance to the development of the infant telegraph and later the tele- 
l)hone. It was soon an important factor in the production of buttons 
and druggists’ sundries. Even as early as 1851, the India Rubber Comb 
Company of New York was operating a factory at Williamsburg, Long 
Island. 

Cellulose Nitrate 

In 1846 an important contribution to rubber technology was made by 
the Englishman, Alexander Parkes, who developed the sulfur chloride 
method of cold vulcanization. About ten years afterwards he also began 
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to experiment with a second type of semi-synthetic, nitrocellulose. Dur- 
ing the subsequent decade he worked out a rather unsatisfactory way of 
making shaped objects from this material. Owing to the fact that he 
prepared his plastics by evaporation of considerable volumes of solvent, 
his costs of manufacture were very high. In order to obtain financial 
backing, he understated them and, in 1867, was forced to suspend oper- 
ations because of ill-advised attempts to cut expenses by cheapening his 
products, by failing to control quality, and by insufficiently seasoning 
his goods to remove volatile solvent prior to sale. Following Parkes’ 
business failure, one of his associates, Spill, i^rodiiced a more successful 
nitrocellulose plastic, calling it ‘Votton xyloidine^^ or ^‘xylonite.^' Spill 
established the British Xylonite Company, Ltd., and it remains today 
one of the principal British producers of plastics, not only nitrocellulosic, 
but others also. 

Neither of these two Englishmen had discovered nitrocellulose. Al- 
ready well-known when they began their work, it was first made in 1838 
by the French chemist, Pelouzc, who had nitrated paper. Even five years 
before him, another Frenchman, Braconnot, had nitrated starch and 
obtained a related substance which he called ‘‘xyloidine,” a name later 
adopted by Spill, as we have just seen. 

During the years which followed the early discoveries of Braconnot 
and Pelouze many investigators studied the properties of nitrocellulose. 
Schoenbein, at the University of Basel in Switzerland, worked with it in 
1845 and 1846. He appears to have been the first to recognize its military 
importance — possibly because of his Teutonic origin — although it was not 
until fifty years later that careful control of manufacturing operations 
made possible the adoption of cordite, or its equivalent, by the great 
powers. 

In 1851, nitrocellulose was utilized for the manufacture of photographic 
film by the Englishman, Scott Archer, while three years earlier collodion, 
a nitrocellulose solution, had been introduced for medical use by the 
Bostonian physicians, J. Parker Maynard and S. L. Bigelow. 

“Celluloid.” In 1863 the American firm of Phelan and Collender of- 
fered a $10,000 prize to anyone who would assign them patent rights to a 
satisfactory process for manufacturing billiard balls without the use of 
solid ivory. An advertisement of this offer came to the attention of an 
enterprising and ingenious Albany printer, John Wesley Hyatt, who at 
once set about to win the award. For several years he experimented with 
shredded paper, ivory dust, and miscellaneous other powders which he 
bonded together with natural gums and resins. The experiments which 
he carried out led him to perfect methods of molding his compositions 
under heat and pressure. 
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In 1868 he began to use nitrocellulose in his operations. This material 
suggested itself to him when he discovered the dried residue deposited on 
a cupboard shelf by evaporation of solvent from an upset bottle of col- 
lodion which he was accustomed to keep on hand for protecting chapped 
finger-tips. He was unaware of any prior experimentation in this field 
by either Parkes or Spill and, because of the former^s business failure, 
he is usually credited with originating nitrocellulose plastics. 

In 1869 John^s brother, Isaiah, an Illinois editor, joined him and to- 
gether they developed methods of manufacturing nitrocellulose plastics 
by using camphor as the principal solvent, an operation made possible 



by appropriate application of heat and pressure. This obviated the use 
of large volumes of expensive solvents wdiich otherwise had to be re- 
moved after molding — the stumbling block of Parkes’ earlier work. At 
the same time, use of camphor improved the physical properties of the 
finished product. 

In 1870, the Albany Dental Plate Company w^as organized to manu- 
facture colored nitrocellulose plastic for dentures. The early days of the 
company vrere troubled by short-lived litigation with the newly-formed 
American Zylonite Company that began operating Spill’s American pat- 
ents under license. Spill’s patent position was w^eak, however, and the fight 
soon ended by the Hyatt Brothers’ absorption of their competitor. The 
potentialities of molding numerous light and bright-colored objects from 
Hyatt’s plastic — ^which the ex-editor named ‘'Celluloid,” meaning cellu- 
lo8e-like~were apparent almost from the beginning. In 1873 a group 
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of New Yorkers invested capital in the organization, then known as the 
Celluloid Manufacturing Company, and a new factory was built in New- 
ark. In 1890 it underwent business consolidation and reorganization un- 
der the name of The Celluloid Company. It has operated since that time 
in New^ark. Recently it was consolidated with the Celanese Corporation 
and is now known as the Celanese Plastics Corporation. 

Nitro Silk. The expanding utility of nitrocellulose was by no means 
confined to the realms of explosives, photographic film, collodion, and 
molded articles. It was also the first material successfully used in the 
manufacture of artificial silk. This industry dates back to a sealed 
document deposited in 1884 with the French Academic des Sciences by 
the chemist, Count Hilaire de Chardonnet, and to a patent granted the 
same gentleman on November 17th of that year. It should be noted, 
however, that during the preceding year, an Englishman, J. AV. Swan, had 
obtained British patent protection for a process of spinning a solution 
of cellulose nitrate in glacial acetic acid, the object being preparation of 
threads which could be carbonized for use as incandescent lamp filaments. 
A number of other Englishmen, including the electrician, AVeston, were 
also granted similar patents at about the same time. Swan prepared a 
limited amount of artificial silk at a later date. Although samples of 
Chardonnet silk exhibited at the Paris Exposition of 1889 enjoyed en- 
thusiastic popular acclaim, it was not until some ten years later that it 
became a significant commercial article. Because of the hazardous 
flammability of nitrocellulose, methods of denitration had to be developed 
and, with this improvement, regenerated cellulose filaments i)repared 
from spun nitrocellulose remained one of the most important artificial 
silks until after the AVorld AVar of 1914-1918. During the last two 
decades, ‘*nitro silk^’ has become practically extinct, having been dis- 
placed largely by viscose rayon. American production finally ceased in 
1934. 

Airplane Dopes. Nitrocellulose has had a curious career. It has often 
served as an indispensable pioneer material for important technologic 
advances, but in several instances it has turned out to be a v^top-ga[) 
used only for a little while until more suitable products could be evolved. 
Artificial silk is one illustration; there are several others. In the early 
days of the airplane, fabric wings were doped with nitrocellulose 
(pyroxylin) solutions. This application was a tremendous boon to the 
development of aviation, for the dope not only waterproofed the fabric, 
preventing substantial fluctuations in weight due to absorption of mois- 
ture over relatively large wing surfaces, but it also tautened it, thus im- 
proving the aerodynamic characteristics of the machine. 

AYhen the First World War broke out, however, the Allies soon found 
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it necessary to replace nitrocellulose with a less flammable dope for 
military planes. Cellulose acetate was the answer to this situation. Both 
acetate silk and acetate molded plastics were outgrowths of this develop- 
ment. 

Automobile Lacquers. Pyroxylin solutions similar to those used for 
airplane dopes were first employed by Wilson and Storey in 1882 for the 
fabrication of artificial leather. Considerable volumes of nitrate solution 
have been used for this purpose since that time. Both artificial leather 
dressings and airplane dopes require the use of thick, viscous solutions, 
but the formulation of lacquers and enamels necessitates the use of a 
resin base of such physical characteristics that relatively concentrated 
solutions will possess sufficiently low viscosity to flow freely under the 
bnish or spray readily with a gun. For many years only slow progress 
was made in the evolution of technical procedures for the preparation of 
nitrocellulose of standardized low viscosity characteristics. When, at 
last, such pyroxylin could be produced, the trade was faced with the 
requirement of large volumes of special solvents for lacquer formulation. 
Prior to World War I, the only satisfactory solvent for this purpose was 
derived from fusel oil, a by-product of the fermentation industry. The 
available amount of this material was limited and its price rose with 
demand, so that industrial applications of nitrocellulose lacquers were 
curtailed by both cost and availability of solvent. During the War, 
acetone was imperatively needed for military purposes in order to remove 
dangerous impurities from cordite-grade nitrocellulose. This fact caused 
the development of the Fembach-Weizmann fermentation method for 
])roducing it from corn starch. A by-product of this process is butyl 
alcohol, a substance for which there was then no demand. Huge stocks 
were accumulated during the war, awaiting the time when attention 
could be devoted to its utilization. After the close of hostilities, it was 
found that butyl alcohol could be converted to an excellent pyroxylin 
solvent: butyl acetate. This initial discovery and subsequent develop- 
ment of other satisfactory^ solvents, coupled with the evolution of ways of 
making low viscosity nitrocellulose, resulted in the astonishing increase 
of pyroxylin lacquer production from 600,061 gallons in 1919 to 12,980,400 
gallons seven years later. Most of this quick-drying lacquer was used in 
automobile finishing — an operation which had formerly been a serious 
bottleneck, elimination of which greatly facilitated expansion of motor 
car manufacture. 

Safety Glass. Nitrocellulose has served the automotive industry in 
another important capacity besides that of lacquer base, namely, as the 
first successful interlayer in safety glass. The earliest attempt to make 
a shatterproof glass was carried out in 1901 by the Englishman, AVood, 
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who used a gelatin interlayer. Ten years later the Frenchman, Bene- 
dictus, commercialized a product of this kind on a limited scale. Fifteen 
years more elapsed before sandwich glass, made by cementing two pieces 
of glass together with an intermediate sheet of nitrocellulose, became a 
practical reality for automobiles. Many an individual owes his life to 
this happy combination of glass and plastic. For several years, nitro- 
cellulose ruled with undisputed sway in this realm of technology, but it 
possessed certain undesirable properties which chemists soon set about 
to overcome. Most serious among its flaws was a susceptibility to dis- 
coloration in sunlight. This trouble could be largely eliminated by in- 
corporating iron oxide in the chemical composition of the glass which, 
thus made, absorbed much of the ultraviolet light that caused the nitrate 
to discolor. Glass which contained sufficient iron oxide, however, pos- 
sessed an undesirable greenish tint. To overcome this and other limita- 
tions of nitrate safety glass, cellulose acetate was developed as an inter- 
layer. Finally, during the past ten years, still another purely synthetic 
plastic of the vinal type has largely displaced cellulose acetate because 
of superior safety characteristics at low temperatures. 

Cellulose Acetate 

Although cellulose acetate no longer holds first place in safety glass 
production, its consumption has increased annually by leaps and bounds 
because of expansion of its use in artificial .silk and molded plastics. The 
career of this semi-synthetic, like that of nitrocellulose, is an absorbing 
tale of modem science and technology. 

Cellulose acetate was first made in the laboratory of Paul Schutzen- 
berger, an Alsatian professor at the Sorbonne. He described it in a 
communication to the Academic des Sciences in 1865, but like many other 
products of today’s industry, his discovery lay dormant in the ponderous 
tomes of the Compies renclm for many years before any practical ap- 
plication was contemplated. A few years later another Frenchman, 
Franchimont, made an important improvement in the preparative method 
which paved the way for later industrial development. Technologic 
application of this material was first forecast in a British patent granted 
in 1894 to the Englishmen, Cross and Bevan, Little progress was realized 
in its early industrial development, however, for several reasons: (1) The 
product was soluble only in relatively toxic and expensive chlorinated 
solvents like chloroform. (2) It was extremely difficult to dye. (3) It 
required the use of rather costly acetic anhydride for its production. — 
The first and most serious of these difficulties was overcome by an Amer- 
ican, G. W. Miles, who between 1903 and 1905 patented a simple process 
for modifying the chemical nature of cellulose acetate in such a manner 
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as to alter its solubility characteristics so that it could be dissolved in 
relatively cheap and non-toxic solvents like acetone. This modified type 
of acetate could also be dyed with a few basic colors, although dyeing 
problems still presented serious obstacles to its application. 

Various samples of acetate silk, such as the German product ^^Cele- 
stron,” are mentioned in the literature between 1898 and 1910, but they 
did not result in important commercialization. In the United States, the 
Lustron Company of Boston pioneered large-scale production of acetate 
silk under patents granted to A. D. Little, W. H. Walker, and H. S. Mork 
between 1902 and 1908. The Bayer Company in Germany developed 
commercial manufacture for other purposes, using the trade name 
“Cellit.’^ 

Two Swiss brothers, Camille and Henri Dreyfus, carried out an ex- 
perimental study of cellulose acetate during the early years of this 
century and, between 1910 and 1913, began its manufacture on a smi\ll 
scale at Basel. When the First World War broke out, the British Govern- 
ment requested them to come to England in order to assist in the de- 
velopment of nonflammable airplane dope and in 1916 the British 
Cellulose and Chemical Manufacturing Co., Ltd., was established with 
government aid. This concern supplied a vast amount of dope to the 
Allies during the War. After the Armistice it was necessary to readjust 
operations to peace-time pursuits. The large demand for dope being 
no longer existent, outlets for acetate were sought in the fields of photo- 
graphic film, molded plastics, and artificial silk. The last proved the 
most i)romising. The product was given the trade name ^^Celanese^^ and 
the name of the company was subsequently changed to British Celanese, 
Ltd. Many affiliated companies have been established throughout the 
world, including America, for the manufacture of acetate yam by Cel- 
anese processes. Numerous other firms have entered this field in recent 
years. 

Dyeing difficulties at first limited the utilization of acetate silk, but 
tw^o different w^ays of solving this problem were soon found. First, a new 
class of rather complicated water-soluble dyes (called “lonamines”) 
was developed. Their solubility could be conveniently tenninated at the 
moment of application. Second, dyes which are insoluble in water but 
soluble in oil wwc used in aqueous suspensions produced with the aid 
of any good emulsifier — ^turkey red oil at first (whence the name “S.R.A. 
dyes,’^ from sulfonated ricinoleic acid), later many other surface-active 
agents, even soap. Cellulose acetate, being more like oil than water, tends 
to extract these oil-soluble dyes from their aqueous media. The second 
solution to the dyeing problem is obviously quite simple and is the one 
most widely used today. 
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In 1927, by agreement between the Celanege Corporation and the 
Celluloid Company, American production of acetate in sheet, rod, and 
tube form similar to “Celluloid” was begun, the product being known 
under the trade name “Lumarith.” Two years later, acetate molding 
powders appeared. Several other American firms have since entered this 
field, while the development of injection molding methods has greatly 
expanded the utility of acetate molding powders. Chemical inventions 
have reduced the cost of intermediate acetic anhydride to a fraction of 
its former value so that, by 1940, 175,000,000 pounds of cellulose acetate 
were manufactured in the United States for conversion into artificial silk, 
safety film, transparent sheet material for packaging purposes, and 
molded plastics ranging in applications from oil cans to automobile 
steering wheels. 

Regenerated Cellulose 

While this development of acetate was in progress, other important 
plastics were also born of cellulose. Various ways were discovered for 
manufacturing solutions of cellulose derivatives which, by treatment with 
suitable reagents, could be re-precipitated as so-called “regenerated 
cellulose.” 

Viscose Rayon, One of the earliest of such methods involved the use 
of a complex ammoniacal solution of a copper salt, known as Schweitzer^s 
reagent, and although the product was somewhat brittle when dry and 
was rather flimsy when w^et, it was used for several years on the Conti- 
nent as artificial silk called “Glanzstoff.” (Viscose silk was later manu- 
factured under this name, also.) It enjoyed popularity because of its 
remarkable sheen until newer cellulosic products displaced it from the 
market. Most important among regenerated forms of cellulose, however, 
is viscose silk, the common variety of today's rayon. It is produced 
by an interesting series of chemical reactions in which a complicated 
water-soluble sulfur derivative of cellulose — viscose, is first made and 
then spun from aqueous solution into a precipitating bath. It was de- 
veloped by three Englishmen, Charles F. Cross, Edward J. Bevan, and 
Clayton Beadle, to whom a joint patent for its production was issued in 
1892. 

Cellophane. Sixteen years later, in 1908, Brandenberger of Neuilly- 
sur-Seine, working at the Blanchisserie et Teinturerie de Thaon-les- 
Vosges, France, produced transparent films of cellulose regenerated from 
viscose. Within four years' time, films of “Cellophane” (“cello” from 
cellulose; “phane” meaning shine) were marketed successfully on a small 
scale in France. Several years later the du Pont Company purchased 
both patent rights and trade-mark, whereupon “Cellophane” rapidly 
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became a household by-word in this country. Du Pont later lost its 
rights to the use of “Cellophane” as a trade-mark. 

Casein Plastics 

While these developments in cellulosic derivatives were occurring, the 
search was going on for other plastics to supplement natural products. 
Casein plastics from milk were developed in 1897, being the result of a 
German desire to produce white slates for school children. The product, 
placed on the market under the trade name “Galalith” (from the Greek, 
meaning milk stone), achieved particular success in Europe in the fabri- 
cation of jewelry and buttons. It was not made in this country until 
about 1919 and has been used here almost exclusively for the manufacture 
of buttons and buckles. Some of the applications which were possible in 
Europe are impractical here because of the less equable climatic con- 
ditions of the United States, a cause of serious deterioration of this 
plastic. Artificial wool, more recently developed in Italy and now pro- 
duced in many other countries, including the United States, has broadened 
the utility of casein plastics. 

Phenoplasts. “Bakelite” 

The phenolics were the first industrial plastics of purely synthetic 
origin, being produced by the reaction of relatively simple, low molecular 
weight chemicals of commerce, namely phenol and formaldehyde. Among 
the true synthetics, they are not only the oldest, but they are still the 
most versatile and the most widely used in molding applications. It is 
gratifying to note that both their discovery and their technical develop- 
ment have been accomplished by the genius of American science and 
industry. 

Eminent chemists had obtained resinous masses from phenol and 
formaldehyde as early as 1872, but little attention was then paid to a 
product which could not be crystallized or distilled. In the early days 
of the present century, a number of investigators, both in this country 
and abroad, interested themselves in possible technologic uses of such 
products, but no commercially applicable results were obtained prior to 
Baekeland’s brilliant work. In 1905 Dr. Leo Hendrik Baekeland, a 
Belgian chemist who had come to this country as a young man and was 
already well-known because of his invention of “Velox” photographic 
paper, began to study the condensation of phenol with formaldehyde. He 
possessed a high degree of business acumen as well as chemical ability 
and was quick to foresee the important role which his resinous products 
might play industrially. From his private laboratory in Yonkers, New 
York, soon came the world’s first synthetic plastics. 
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In 1907, small-scale production of “Bakolite” was under way at 
Yonkers, and three years later the General Bakelite Company was 
organized to produce phenolic resins which, at first, w'ere consumed 
largely by the electrical industry. 

A humorous tale of one of the earliest episodes in the history of the 
General Bakelite Company is entertainingly told in the Silver Anniversary 
Number of the “Bakelite Review.” 



Courtesy Underwood & Underwood 
Figure 3, Leo Hendrik Baekeland. 1863-1944. 


“All through the day in a small leased building at Perth Amboy, N. J., 
a handful of men strove patiently to complete their first big order. When 
darkness approached, their only light was an oil lantern, but with their 
improvised machinery they had nearly completed their work. It was 
time to start the second-hand steam engine which was to turn the stirrer 
in the 600-gallon still. Every minute counted, for the chemical reaction 
might get out of control. Precious seconds passed while they hitched the 
steam engine to the still. More, before the engine made but half a 
revolution, and then failed to function. 
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^‘Evcn then, all was not lost. The engine diseonneeted, a dozen hands 
turned the stirrer for a solid hour, while others passed buckets of alcohol 
to a man on a shaky platform who poured it into the still. 

“At last, by dint of main strength, the awkward job was completed 
amid great sighs of relief ... in the morning General Bakelite Com- 
pany's first 4mge' shipment of eight barrels of varnish would be on its 
way to Westinghouse Electric and Manufacturing Company, which was 
pioneering in Bakelite Laminated production. 

“Suddenly, without a word to anyone, a ‘bright’ young chemist, who 
had observed all operations with inquisitive interest, picked up the 
lantern, jumped to the platform, opened the manhole door of the still, and 
stuck the lantern into the opening to see the results. The inevitable 
happened — one grand boom! The alcohol vapor had exploded — fortu- 
nately without doing serious personal injury, for the chemist had not 
put his head well over the manhole. The flames, however, made short 
work of his shock of curly hair.” 

Soon after Baekeland’s early work, similar resins marketed respectively 
as “Condensite” and “Redmanol” were developed by J. W. Aylsworth, 
chemical consultant for Thomas Edison, and by Dr. L. V. Redman and 
his associates, AVeith and Brock, who were engaged at the University of 
Kansas in the organization which since that time has become Mellon 
Institute of Industrial Research in Pittsburgh. The latter products were 
originally evolved to serve as a furniture varnish, especially for brass 
beds. 

After considerable litigation, the Redmanol and Condensite Companies 
finally merged with the Bakelite Corporation in 1922. For a few years 
this organization enjoyed a monopoly of the phenolic rc'^in field, but 
when Baekeland’s basic patents began to expire in 1926, other companies 
started operation, until today some thirty American firms are engaged 
in the manufacture of phenoplasts either for sale or for their own con- 
sumption. 

Coumarone Resins 

Industrial synthesis of an entirely different type of resin, the para- 
coumarones, also derived from coal tar, had its incei)tion in the work of 
two German scientists, Kraemer and Spilker in 1890. These resins were 
manufactured in Germany during World War 1 and were used to some 
extent as a substitute for rosin in paints and varnishes. Their early 
acceptance in this country was impeded by difficulty in obtaining products 
of consistent uniformity, but by 1919 such troubles had been largely 
overcome and production was begun by the Barrett Company under the 
trade name '‘Cumar.” Ten years later the Neville Company began their 
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manufacture, while still ten years after them a third concern, the Penn- 
sylvania Industrial Chemical Corp. entered the field. 

Alkyd Resins 

We have already followed the development of cellulose nitrate in 
automobile lacquers. In their formulation, natural resins were used in 
ai)preciable amounts as essential adducts, especially for the pur])osc of 
improving gloss and adhesion. Scarcely had these coating materials 
established a place for themselves in the industry when it was found that 
some of the purely synthetic resins developed since 1900 could also be 
used as adjuncts to nitrocellulose. Phenolics of the “Bakelite^^ type were 
the only 100 per cent synthetic resins manufactured on a large scale 
when nitrocellulose lacquers were first introduced, but a number of other 
types had been discovered and partially investigated. Among the latter 
were the so-called alkj^ds. They were found to be especially suitable for 
lacquer formulation in combination with pyroxylin. 

The Englishman, Watson Smith, is generally credited with their dis- 
covery which he related in an instructive paper presented before the 
Society of Chemical Industry in 1901. Although he failed to see the 
commercial utility of his chemical invention, he gave such a surprisingly 
accurate picture of the resinous character of the reaction product of 
glycerol and phthalic anhydride that, in the discussion which followed, 
its analogy to cellulose and nitrocellulose was mentioned, although at 
that date little was known concerning the chemistry of large molecules. 
Smithes only suggestion of an application for his product was a remark 
that he had found it a suitable cement for use with glass and earthen- 
ware. 

His work was soon continued by chemists at the General Electric 
Company in this country, to whom several basic patents were issued in 
1914. The cost of intermediates delayed exploitation of these patents 
until methods for the catalytic oxidation of coal tar hydrocarbons were 
developed. About 1926, alkyds were placed on the market by the 
General Electric Company under the trade name '^Glyptal,^^ a word 
apparently derived from the two most important comi)onents of these 
resins, glycerol and phthalic anhydride. The more important products 
of this nature were modified with natural resins or with non-drying 
vegetable oil acids, because such materials were found to be compatible 
with nitrocellulose and could be used to advantage in the formulation of 
pyroxylin lacquers. A most significant technologic advance was made 
when it was discovered that on modification with drying oils like linseed 
or tung oil, alkyds would air dry even more rapidly than the oils from 
which they were made. Moreover, nitrocellulose could, if desired, be 
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completely omitted in their formulation. Thus, pyroxylin lacquers were 
first made commercially practicable through the availability of inex- 
pensive solvents from by-product butyl alcohol; then coating materials 
were developed in which modified alkyds played an essential role; and, 
finally, lacquers were evolved in w'hich drj'ing oil modified alkyds con- 
stituted the entire resin content. This unique series of developments 
leading to modem automobile and refrigerator lacquers is another 
instance of a field in which nitrocellulose did pioneer work where other 
resins later became preeminent. 


The plastics which have been discussed in this chapter constitute those 
of commercial importance before 1925. Since then others have appeared 
upon the market in great profusion, exhibiting a wide range of properties 
which adapt them to an amazing variety of applications. Some of them, 
although new to commerce, have been known to scientists for many years. 
Polystyrene, for example, was first prepared in the laboratory in 1839, 
but not until 1937 did it become generally available in this coUntrj'. 
Others, like nylon, are new in every respect, being entirely unknown to 
chemists even a decade ago. Subsequent chapters will give a brief 
historical account of many of these newer materials. 
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Chapter 3 

Raw Materials of the Plastics Industry 

Ebonite and “Celluloid,” the first man-made plastics, were the result 
of chemical modification of two natural vegetable products of high 
molecular weight: rubber and cellulose. Nature had already carried out 
by far the more difficult part of their syntheses before the chemist took 
over and carried on. Such plastics are known as semi-synthetics. In 
recent years many more semi-synthetic resins have been developed from 
these and other natural materials of high molecular weight like casein, 
lignin, and soybean protein. 

With the advent of “Bakelite” came the first purely synthetic plastics 
made from low molecular weight, relatively simple chemicals of com- 
merce — phenol and formaldehyde in this instance. In such syntheses the 
chemist starts with small molecules and build.s up large ones. Indeed, 
if he wished, he could prepare phenolic resins from the elements — carbon, 
hydrogen, and oxygen — as he doe.s in the case of some of the newer 
plastics. Cost, alone, deters him from making phcnoplasts this w'ay. 

The last twenty years have seen the introduction of many purely 
synthetic resins made entirely from products of chemical industry. The 
alkyds, methacrylates, polyamides, and vinyl resins arc but a few wdiich 
have come in tlieir entirety from the chemist’s art. 

At the present time, industrial honors arc shared about evenly by 
semi-synthetics and synthetics. Both classes arc constantly growing in 
volume of sales, diversity of applications, and multiplicity of types. 

The principal raw materials from which synthetic resins and plastics 
are made are, therefore, of two different categories depending on whether 
the products are synthetic or semi-synthetic. For synthetics, coal tar, 
petroleum, coke, limestone, salt, natural gas, air, and w’atcr constitute 
the major sources. Sometimes added to these arc turpentine, rosin, and 
drying oils. For semi-synthetics, cellulose, lignin, rubber, and various 
proteins from milk, soybeans, and corn make up the most important 
raw materials. With the single important exception of rubber, practically 
all of the raw materials for both synthetic and semi-synthetic plastics 
are of domestic origin, or can readily be produced in this country if 
desired. Furthermore, the amounts of these raw materials available here 
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are in almost every instance considerably in excess of the quantities 
consumed. Hence, the potential production of plastics is limited by 
demand and by manufacturing facilities rather than by shortages of 
fundamental raw materials. 

In this chapter we shall examine in a general way some of the relation- 
ships which exist between the various raw materials just mentioned and 
the plastics made from them. We shall deal first with source materials 
of the purely synthetic resins. 

Modern advertising tends to stress the origin of consumer goods. Arti- 
cles ranging from nylon stockings to “Lucite'^ surgical instruments are 
said to be derived from coal, air, and water. “Amcripor' and other syn- 
thetic rubbers have been proclaimed to originate with petroleum, natural 
gas, and air, wliile “Krene” bath curtains have been tagged as products of 
natural gas, coke, air, salt, and limestone. The accuracy of these state- 
ments is beyond reproof, but to the layman their brevity conjures up the 
image of a chemist dashing downstairs to his coal bin, grabbing a shovel 
of coal and a bucket of water and then, by some miraculous legerdemain, 
returning to milady's chamber with a new >ilk negligee! Great is the 
complexity of tlie metamorf)hoses through which coal, air, and water pass 
before they finally emerge as plastic^ — often called “the gems of modern 
research" or “industry 's glamour girl." 


Coal 


Carbonization 

When coal is heated in the absence of air it decomposes. The principal 
product is carbon in the form of coke, but a considerable quantity of 
volatile matter is driven off during formation of tlio latter. This process 
is not a simple separation of coke from distillable components of the 
original coal, for the chemicals found in the distillate are not present as 
such before heating. It is a destructive distillation which involves far- 
reaching decomj>osition of the complex compounds that make up the coal 
substance. 

The volatile matter is partly gaseous, partly liquid, partly solid. The 
products vary in chemical nature according to the conditions of car- 
bonization. They are separated by diverse processes of condensation, 
scrubbing, and distillation into coal gas; ammoniacal water containing 
ammonium sulfate and other salts; benzol or light oil, made up largely 
of benzene and related hydrocarbons; and coal tar. 

Huge volumes of coke are consumed in making iron and steel. In opera- 
tions of this industry, coke is the desired product and incidental volatiles 
are either recovered as by-])roducts or, in the case of beehive coking, they 
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are lost. The manufactured gas industry also carbonizes large volumes 
of coal in order to obtain gas for heating, illuminating, and industrial 
purposes. In this instance coke is a by-product as are also tar and other 
oily condensates. 

Coal tar and light oil are important raw materials for the chemical 
industry. We have just seen that they are by-products of both the steel 
and gas industries and may or may not be recovered for sale. Beehive 
coking, which recovers neither, is a wasteful operation. Although it gives 
an excellent coke for metallurgical purposes, it had been gradually giving 
place to by-product recovery processes before World War II. Imperative 
military demands for coke, however, caused a resurgence of beehive 
operations during the recent war. By no means all of the coal tar pro- 
duced in this country even from by-product recovery processes is utilized 
by chemical industry. In normal years, approximately half of it is burned 
as fuel at the source, or at nearby steel mills. Hence the actual produc- 
tion of coal tar chemicals is only a fraction of the potential volume which 
could be obtained from tar recovered but not distilled and this, in turn, 
is but a fraction of what would be available were all coking operations 
of the by-product recovery type. 

Figure 4 shows the manifold ways in which coal tar and light oil ^ervo 
as raw materials for the plastics industry. 

Coal tar is a complex mixture, a veritable gold mine of organic chemi- 
cals, many of which, however, are present to the extent of only a fraction 
of one per cent and either cannot be separated economically by current 
methods or are not in demand by chemical industry. Over two hundred 
different compounds have been tabulated as components of coal tar and 
this list is probably conservative. Among all these products, benzene, 
toluene, xylene, certain mixed fractions of solvent naphtha, naphthalene, 
phenol, the cresylic acids, and pyridine and its analogs are easiest to 
obtain in a pure state and are in greatest demand. They are separated 
by means of suitable combinations of distillation and extraction with 
alkalies or acids. Recently some tar has been stripped without completely 
distilling it, in order to obtain the more desirable constituents. This prac- 
tice, known as topping, was first introduced in 1936. 

Manufacturers of plastics draw upon coal distillates for several impor- 
tant intermediates, especially benzene, phenol, the cresylic acids, naphtha- 
lene, and the coumarone-indene content of solvent naphtha cuts. 

Tar Acids 

So-called tar acids, consisting chiefly of phenol, cresols, and xylenols, 
are separated from coal tar distillates by extraction with alkali. Phenol 
obtained in this way is called ‘‘natural.” Only a portion of the natural 




Figure 4. Derivation of synthetic resins and plastics from coal tar and light oil. 
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phenol which could be extracted from the coal tar recovered in domestic 
by-product coking operations is actually obtained. In the typical pre-war 
year of 1936, for example, less than 25 per cent of the estimated tar acid 
content of domestic coal tar production was recovered. Natural tar acids 
are obtained in the approximate ratio of 60 per cent phenol and 60 per 
cent cresols and mixed cresylic acids. Considerably more phenol is 
produced by synthesis from benzene than by direct separation from coal 
tar. 

Three different methods are employed industrially for converting ben- 
zene to phenol, all of them being worked in this country. The oldest was 
initiated during World War I and involves sulfonation of benzene with 
concentrated sulfuric acid followed by fusion with caustic soda. In 1918, 
107,000,000 pounds of phenol, synthetic and natural, were produced in 
America. Cessation of hostilities caused an immediate slump in demand 
and synthetic production was suspended until 1923 when it was again 
begun by four concerns. In 1926 the Dow Chemical Company started 
operation of a new and relatively inexpensive way of making phenol. 
Intermediate chlorination of benzene was followed by heating with caustic 
soda under pressure, a method peculiarly adapted to Dow’s operations 
because of availability of chlorine. In 1939, a third synthetic phenol 
process began operation in this country, being worked by Durez Plastics 
and Chemicals, Inc., under patents of German origin. Fundamen- 
tally, the Durez process is a partial oxidation of benzene by means of 
atmospheric oxygen, although it is necessarily effected by a round-about 
procedure. 

During the ten year period, 1933-1943, about 66 per cent of the total 
American production of phenol, both natural and synthetic, was con- 
sumed in the manufacture of synthetic resins of the phenolic type. The 
applications of these products are legion and vary from molded and 
laminated articles to paints, lacquers, and coated cloth. A smaller, but 
appreciable volume of phenol is also converted into adipic acid and hex- 
amethylene diamine used in the manufacture of nylon. Both phenol anrl 
cresols are employed in the manufacture of several important plasticizers 
for synthetic and semi-synthetic resins. 

Dicarboxylic Acids 

The alkyds, another grouj) of large volume synthetic resins, also depend 
upon coal tar for raw materials. These products, used largely in the for- 
mulation of paints, varnishes, and lacquers, are derived from dibasic acids 
or their anhydrides, among which phthalic anhydride is most important 
and maleic anhydride next. Both of these compounds arc manufactured 
by catalytic oxidation of coal tar hydrocarbons: naphthalene and benzene, 
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respectively. Neither compound was an article of any commercial impor- 
tance prior to World War I, although small amounts of phthalic anhydride 
were then sold at several dollars a pound for use in the manufacture of 
limited quantities of a few high-priced dyestuffs. In 1918, this chemical 
cost $2 .85 per pound. Today it sells at about 13 cents and is the cheapest' 
acid of the aromatic series, being even less expensive than time-honored 
benzoic acid which, oddly enough, is economically made from it today. 
The discovery of catalytic oxidation methods accounts for this phenom- 
enal drop in price. 

American industry is indebted to two government chemists, Gibbs and 
Conover, of the Department of Agriculture, for devel()|)inent of the cata- 
lytic method of producing phthalic anhydride from naphthalene. In 1916 
they covered this process by United States Patent No. 1,285,117, assigned 
to the people of the United States. A complicated patent situation arose 
later, however, because of the simultaneous discover^" of the same process 
by a German chemist, Alfred Wohl. On account of the war, Wohl w’as 
unable to file claims in the United States until several years after his 
discovery. When application finally was made, following a soft-hearted 
act of Congress favoring such cases, the I. G. contended that Wohrs 
invention preceded that of Gibbs and Conover by two months, although 
there was some question as to whether it had not really follow’ed it by 
three days. How^ever that may be, the Gennans w^ere allowed a United 
States Patent in 1934, wdiich apparently dominated the Gibbs and Con- 
over claims. 

Styrene 

Styrene, consumed In huge volumes in the production of GR-S synthetic 
rubber and, to a less extent, in the manufacture of polystyrene and allied 
plastics, is also derived from coal tar and light oil. 

It occurs to some extent in coal distillates, but its separation in a pure 
state has not yet been accomplished economically, although impure frac- 
tions have, in times past, been produced in ver>" small quantities. 

All of the styrene made in the United States today is obtained by 
pyrolysis of ethylbenzene which, in turn, is derived from benzene by 
reaction with ethylene or ethyl alcohol, as described in later chapters. 
Pyrolysis of isopropylbenzene is a potential source of styrene. 

Coumarone and Indene 

Coumarone-indene polymers represent another important class of 
resins derived from coal tar and light oil. They are obtained directly from 
certain naphtha cuts, without separation of the pure monflmers, by resinifi- 
cation with sulfuric acid or other suitable catalyst. These resins are not 
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used for molding purposes, but are employed as binders in mastic floor 
tile, as components of chewing gum, as bases for printing inks and spar 
varnishes, and as softeners in rubber compounding. 

Coke 

The importance of coke to modem chemical industry is equal to that 
of coal tar, for it serves as a source of water gas, carbon dioxide, acety- 
lene, and calcium cyanamide. 

Water Gas. Water gas is formed by ])assage of steam through red-hot 
coke. It is a mixture of carbon monoxide and hydrogen, both of which 
are utilized in the manufacture of chemicals that find their way into many 
plastics, as illustrated by Figure 5. By high pressure synthesis, hydrogen 
and carbon monoxide are converted to methanol. This compound was 
formerly obtained by distillation of hardwood. Today, although wood 
distillation is still practiced, all but a few per cent of our annual con- 
sumption comes from water gas. Formaldehyde, made by oxidation of 
methanol, is an essential component of all of the large volume thermoset- 
ting resins now produced, including phenolics, ureas, and melamines. It is 
utilized to a less extent in the manufacture of other special purpose resins 
such as the sulfonamide-formaldehyde resins and polyvinyl formal em- 
ployed, for example, in magnet wire insulation. 

Synthetic methanol also serves in relatively small amount as an inter- 
mediate in the most recent industrial method for making acetic acid, a 
compound used in large volumes by the plastics industry in the prodxiction 
of the semi-synthetic, cellulose acetate. This acetic acid process involves 
high pressure interaction of carbon monoxide and methanol. 

Methanol also enters into the synthesis of other plastics, such as poly- 
methyl acrylate and polymethyl methacrylate. 

Carbon Dioxide. In the case of urea resins, coke is the source not only 
of formaldehyde, but also of carbon dioxide which is converted into the 
other essential intermediate, urea. Formerly relatively expensive, this 
compound now sells for about four cents per pound. It is made by con- 
densing ammonia with carbon dioxide under heat and pressure. American 
production began during the First World War when German imports were 
shut off. Better than 100 tons were made here in 1920 at a value of about 
70 cents per pound. Plastics from urea were then unknown and American 
manufacture of this chemical, destined only for fertilizer use, ceased in 
1922. It began again in 1933 with production of an ammoniacal urea 
solution and a pure crystalline grade of urea two years later. Meanwhile, 
the synthesis of urea plastics on an industrial scale had been undertaken 
in this country ifl 1929 and expanded rapidly during the 'thirties after 
introduction of domestic synthetic urea. 
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Figure 5. Derivation of '^j’^nthetic resins and plastics from water gas. 
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Acetylene. Coke reacts with lime in the electric furnace to yield 
calcium carbide. This compound is, of course, the common source of 
acetylene gas, and the latter is now the basis of an extensive chemical 
industry, which includes the manufacture of certain plastics, as shown 
in Figure 6. Although formerly used for lighting purposes, acetylene first 
assumed importance as an industrial chemical during World War I when 
huge volumes of acetone were required for the purification of nitrocellu- 
lose in order to supply Allied needs for Cordite. Addition of water to 
acetylene, molecule for molecule, yielded acetaldehyde. This chemical 
was then oxidized to acetic acid and subsequently converted to acetone 
by means of catalytic pyrolysis involving the use of certain oxides of 
manganese. Thus, at about the time that electricity began to sound the 
death knell of acetylene lighting, there arose a chemical indiistr>^ founded 
upon this gas, which has assumed major proportions during the past twenty 
years and which now supplies a long list of industrial chemicals. 

By addition of acetic acid to acetylene, vinyl acetate is obtained and 
this liquid is converted into a number of vinyl resins whose various chemi- 
cal and physical properties adapt them to a wide range of uses, from safety 
glass interlayer to oil-resistant rubber substitutes, artificial silk, and 
diverse other products. 

Through a series of reactions discussed in -Chapter 20, acetylene is also 
converted into ^^neoprene,” an important oil-resistant synthetic rubber. 

Among the many derivatives of acetylene, acetic acid and acetic anhy- 
dride are outstanding. The methods used for their production have 
changed several times during the last two decades and several alternative 
processes have been developed. Both the acid and its anhydride are 
employed in the synthesis of cellulose acetate, one of the most important 
of today\s semi-synthetic resins. It is fabricated into molded articles, 
transparent sheet, lacquers, and artificial silk. Two related plastics, cellu- 
lose acetate propionate and cellulose acetate butyrate likewise require 
acetic anhydride for their manufacture. 

Acetone, already mentioned, is not only an essential solvent in many 
operations of the plastics industry, but also enters into the synthesis of a 
variety of resins. It is, for example, an intermediate in the preparation 
of the transparent methacrylate resins, the other essential being calcium 
or sodium cyanide whjeh may be derived from calcium carbide through 
calcium cyanamide. 

During the past few yearS; German chemical industry has expanded 
the use of acetylene in organic synthesis. A considerable number of 
intermediates, besides those just listed, were manufactured on a large 
scale in Germany by the close of World War II. Many of them had 
already begun to find their way into synthetic resins and allied products. 
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Calcium Cyanamide. Calcium cyanamide, manufactured by passing 
atmospheric nitrogen through calcium carbide in an electric furnace, is an 
important form of fixed nitrogen. Its principal use is in fertilizers, but it 
also serves as a source of nitrogen for chemical industry. Calcium cyanide 
is derived from it and this chemical, in turn, is an intermediate for some 
of the methacrylate resins. Acrylonitrile, also derived from cyanides, is a 
necessary intermediate in the synthesis of certain of the less common 
flexible acrylate resins. More important, it constitutes from 15 to 35 
per cent of the oil-resistant synthetic rubbers of the ‘‘Buna type. 
Calcium cyanamide also serves as a source of melamine for melamine 
resins utilized in molded and laminated plastics and in surface coatings. 
The relation of calcium cyanamide to synthetic resins and plastics is also 
summarized in Figure 6. 

Petroleum and Natural Gas 

Prior to 1920, coal products served as the principal raw materials for 
chemical industry. Since then, petroleum and natural gas have been 
developed as sources of synthetics and are now of equal rank in both 
volume and diversity of chemical derivatives. It is interesting to contrast 
the present situation with that which existed some twenty-five years ago. 
Almost as soon as this nation entered World War I, it was faced with 
the necessity of producing large quantities of mustard gas, the synthesis 
of which begins with ethylene. Manufacture of this gas in sufficient 
amount presented a serious problem which was finally solved by dehy- 
drating alcohol. A plant constructed at Edgewood Arsenal toward the 
end of the war would have yielded enough ethylene by this method to 
make 40 tons of mustard gas per day. Today, by contrast, ethylene is 
available in huge volumes from operations of the petroleum industry and 
millions of pounds of ethyl alcohol are made synthetically by the reverse 
procedure of hydrating ethylene — and alcohol is only one of the many 
chemical products now made from this gas! 

Petroleum is constituted largely of a complex mixture of hydrocarbons, 
ranging all the way from gases like methane, to solids yielding hard 
asphalts when freed of volatile matter. The number and diversity of 
hydrocarbons present in petroleum is so great that no one has yet been 
able to identify more than a small fraction of the different compounds 
^ which occur in a given sample from a given source. Their nature depends 
upon the geological history of the oil, so that there are probably no two 
fields which givq rise to petroleum of exactly the same composition. 
Chemists at the Bureau of Standards have identified several dozen com- 
ponents of a certain Mid-Continent oil. 
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Natural gas usually consists chiefly of methane, but it also contains 
other gaseous and volatile liquid hydrocarbons in smaller amounts. Occa- 
sionally gas is found which contains very little methane, being constituted 
largely of ethane and higher hydrocarbons. Such wells are found particu- 
larly in certain parts of the Appalachian area where as high as 70 per 
cent ethane has been reported. 

In order to manufacture chemicals from petroleum or natural gas, it is 
usually necessary to separate relatively pure hydrocarbons from the 
complex natural mixtures in which they occur. Partly because of their 
greater ease of purification, only the lower paraffins — for the most part 
those which are gaseous at room temperature — have yet found much 
application in the manufacture of synthetic chemicals. 

There are five principal ways by which the hydrocarbon components 
of petroleum and natural gas are converted to chemicals: (1) pyrolytic 
cracking followed by chemical reactions of various types, (2) oxidation 
with steam, carbon dioxide, or atmospheric oxygen, (3) chlorination, 
(4) nitration, and (5) sulfonation. 

Among these various methods for chemical conversion of petroleum 
hydrocarbons, the last two have not yet achieved much importance in 
the field of plastics technology. 

Oxidation Products 

The oxidation of methane can be carried out either directly by means 
of atinosi)heric oxygen or by reaction with steam or carbon dioxide. In 
the last two cases, water gas is produced instead of organic compounds. 
The production of hydrogen in this way, using natural gas as the source 
of methane, is worked extensively, particularly for the production of 
hydrogen for hydrofining. A portion of our present supply of synthetic 
methanol also comes from such w^ater gas. Here is an interesting example 
of a field disputed by both coal and petroleum. We shall see other, points 
at wdiich the frontiers of territories occupied by these tw^o rawr materials 
are not clearly delineated. 

If atmospheric oxygen (instead of water or carbon dioxide) is used to 
oxidize methane, a number of organic chemicals are formed. In this case, 
the engineer is hampered by the difficulty of directing and controlling 
reaction in such manner that technically pure compounds or usable mix- 
tures are produced. Danger of explosions also constitutes a serious hazard. 
A few years ago, however, a Mid-Continent oil and gas company began 
operation of a process in which natural gas is partially oxidized under 
pressure. The products include alcohols and ketones, offered as solvents. 
Formaldehyde is one of the principal products and is manufactured in 
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considerable amounts at a cost which is competitive with that of making 
it by oxidation of methanol. Formaldehyde produced in this way has been 
successfully utilized in the manufacture of phenolic resins. 

Cracked Gases 

Pyrolytic cracking of petroleum and natural gas, followed by separation 
of more or less pure individual compounds from the cracked hydrocarbons 
and further conversion of these unsaturates constitutes by far the most 
important general method of making useful industrial chemicals from oil 
and gas. The manufacture of carbon black by burning natural gas in 
the absence of sufficient oxygen to cause complete combustion is well- 
known. In certain newer, more conservational processes, pyrolysis is 
carried out by means of heat alone. So-called ‘‘soft^^ or “Thermatomic” 
blacks of the rubber industry are produced in this way and, in addition, 
hydrogen is obtained in a degree of purity such that it can be used for 
high-pressure synthesis of ammonia. Oil refineries can produce hydrogen 
even more cheaply by catalytic dehydrogenation of naphtha. 

In the cracking of petroleum oils, considerable volumes of gaseous 
hydrocarbons are formed. Depending upon the method of cracking, re- 
finery gases containing up to 40 per cent of unsaturates may be obtained, 
and these compounds are utilized by chemical industry in the manufac- 
ture of a wide variety of intermediates for the production of numerous 
chemicals, including important plastics and synthetic rubbers. The pur- 
poseful pyrolysis of natural gas under controlled conditions has been 
carried out for more than twenty years for the express object of obtaining 
ethylene and propylene for conversion into chemicals. 

Ethylene. The plastics industry has grown tremendously since the 
advent of chemicals from cracked gases. Many solvents and plasticizers 
are derived therefrom; so also are many plastics themselves. The deriva- 
tion of resinous products from ethylene is summarized in Figure 7. This 
olefin serves as raw material for the manufacture of vinyl chloride, an 
important intermediate for the versatile vinyl plastics. Vinyl acetate, 
another resin intermediate, is made from acetylene at present, but it can 
also be obtained from ethylene. This interchangeability of source is 
enjoyed to a greater degree by vinyl chloride, which is actually produced 
commercially from both ethylene and acetylene. Although the vinyl 
resins originate with vinyl chloride, vinyl acetate, or a mixture of both, 
yet the final products include a remarkable variety of types resulting 
from a diversity of chemical metamorphoses. Finished articles include 
resin-coated fabrics, transparent sheeting, molded articles, artificial silk, 
wire and cable insulation, elastomeric materials, and a multitude of other 
products. American production of all types of vinyl resins was only some- 
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Figure 7. Derivation of synthetic rc>inb and plastics from ethylene. 
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what in excess of a million pounds in 1935, Today these resins are num- 
bered among the largest volume plastics. 

Ethylene from cracked gases is the source of a variety of other plastics 
such, for example, as polyethylene, essential as an insulating material in 
radar applications. Polystyrene, previously noted, is derived in part from 
ethylene. This gas is also an intermediate for the manufacture of ethyl 
cellulose, used in molding powders, lacquers and transparent sheets and 
foil. In this case, ethylene is first converted to ethyl chloride, a compound 
which finds other important uses as a refrigerant and in the manufacture 
of many non-^^sinoiis commercial chemicals, among which lead tetraethyl 
is consumed in greatest quantity. 

Ethylene can also be converted into vinylidene chloride. This compound 
is readily polymerized to a resinous material, polyvinylidene chloride, 
which was first j)laced on the market under the trade name “Saran^^ in 
1939. Tubing, pipe, film, filaments, and molded articles of this material 
are now important commercial articles. 

Ethylene dichloride, another chlorinated derivative of ethylene, is one 
of the intermediates for a more or less rubber-like substance made 

by reaction witJi aromatic hydrocarbons. It is used’ in compounding nat- 
ural rubber to improve oil resistance. Another elastomer is produced from 
ethylene by reacting either the dichloride, or related compounds, with 
sodium polysulfide. Such substances are extremely oil-resistant. 

Ethylene is also one of the source materials for acrylonitrile, an inter- 
mediate in the production of some of the soft acr>date resins and an essen- 
tial component of synthetic rubbers of the ^^Buna type. 

Propylene. Not only ethylene, but propylene and the butylenes have 
also become important raw materials for the production of plastics as 
summarized in Figure 8. A goodly portion of the cellulose acetate manu- 
factured in this country can be traced to petroleum through propylene. 
This situation warrants closer scrutiny. Among industrial chemicals de- 
rived from propylene, isopropyl alcohol is the oldest, having been manu- 
factured in this way for nearly twenty years. The volume of this alcohol 
increased from 37,500 gallons in 1922 to 50,000,000 gallons in 1944. This 
remarkable increase in production resulted from expanding applications 
made possible by price reduction from $2.00 to 31 cents per gallon during 
the same period. Acetone is now made from isopropyl alcohol by oxida- 
tion at a cost which is not only competitive with that of older methods, 
such as com starch fermentation, but which has lowered the price of this 
widely used solvent to such a point that it can be employed as an inter- 
mediate for the production of cheap acetic anhydride, a chemical now 
selling at a figure equal to about one-third its 1930 quotation. Because 
of the resultant lowered price of this anhydride, the production of cellu- 
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Figure 8. Derivation of synthetic resins and plastics 
from propylene and the butenes. 
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lose acetate has increased progressively until it has now passed the 200 
million pound mark. Cellulose acetate is used in moldings ranging from 
transparent oil cans to automobile steering wheels, light shades, and 
boudoir mirror frames. In sheet and film form it has opened large markets 
in the packaging and photographic fields and as filament it has become 
well established in artificial silk, a use which is expanding annually. 

The sphere of influence of cheap acetone from propylene in the world 
of plastics is not limited to cellulose acetate. It is also an intermediate 
in the manufacture of the transparent methacrylates, ‘‘Lucite^^ and ‘Tlexi- 
glas.^' The exceptional clarity of these resins, exceeding that of glass, has 
resulted in essential applications in the fabrication of transparent airplane 
enclosures, lenses, light bending and reflecting devices such as surgical 
instruments and edge-lighted signs, novel furniture, and innumerable 
other articles. 

The production picture of acetone, acetic acid, and acetic anhydride 
is very complex, because of the fact that the same chemicals are economi- 
cally produced from several raw materials by comf)eting methods, and 
even by several different chemical processes starting with the same raw 
material. It is therefore difficult to ascertain exactly how much of some 
of these large tonnage chemicals is actually derived from petroleum 
instead of coke or some other source. Acetone, for example, is made 

(1) by the destructive distillation of calcium acetate obtained as a by- 
product from wood alcohol manufactured by hardwood distillation, 

(2) from acetic acid obtained by direct extraction of pyroligneous acid 
from wood distillation, (3) from acetic acid derived from acetylene, water, 
and oxygen, (4) by fermentation of corn starch, in which o])eration it is 
produced simultaneously with n-butanol, and (5) by oxidation of isopropyl 
alcohol made from propylene gas. Although much of the acetone now 
made in the United States comes from propylene, all of the other methods 
just mentioned are producing or have done so in the immediate past. 
The Fernbach-Weizmann fermentation of corn starch — initially devel- 
oped in France in order to supply raw materials for synthetic rubber — 
operated by the Commercial Solvents Corporation and developed during 
World War I, was responsible for much of the domestic acetone until 
manufacture from petroleum began. 

Chemicals from cracked gases have invaded the important field of 
alkyd resins, utilized in large volume for paint and varnish a])plications. 
While the dibasic acids from which they are made now come chiefly from 
coal tar by oxidation of either naphthalene or benzene, the Carbide and 
Carbon Chemicals Corporation now manufactures maleic acid, used in- 
creasingly for alkyd resin production. Although the latter company's 
method of mfiuufacture of this chemical has not been announced, the 



HAW MATERIALS OF THE PLASTICS INDUSTRY 39 

general structure of their business leads one to infer that it comes from 
cracked petroleum gases. Glycerol, or occasionally some other related 
compound, is the other essential component of alkyd resins. At the present 
time, domestic glycerol comes entirely as a by-product from the soap 
and fat-splitting industries. During World War I, a fermentation method 
was developed in Germany to augment dwindling fat supplies, but similar 
processes never gained an important foothold in this country. The selling 
price of glycerol has fluctuated erratically between 10 cents and 32 cents 
per pound during the last twenty-five years. This condition, coupled with 
the fact that consumer demand appeared relatively stable and fixed at 
volumes which could be easily supplied by the soap industry, has tended 
to discourage the development of synthetic processes for its manufacture. 
In 1940, however, operation of a pilot plant for making glycerol from 
propylene was announced by Shell interests. It appears probable that 
increasing demands for this chemical in alkyd resin production, cellophane 
])lasticization, and other applications — as well as explosives — wdll result 
in future commercial evolution of this developmental operation. 

Higher Hydrocarbons. From the butenes have come a number of 
new elastomers, or rubber-like materials, including the polybutenes and 
“Butyl” rubber. Butadiene is obtained in tremendous volumes by various 
cracking operations applied to petroleum products. These ])rocesses are 
discussed in Chapter 20 . Butadiene is the fundamental building block in 
the synthesis of GR-S and the ^^Buna N” type elastomers. Rapid develop- 
ment of domestic production to its present prodigious scale was indeed 
among the chemical wonders of World War II. 

Both C 4 and C 5 paraffins and olefins are also utilized in the production 
of special phenols, em{)loyed in the synthesis of oil-soluble phenolic resins 
destined for paint and varnish purposes. Development of natural petro- 
leum phenols for plastics manufacture is currently underway. 

The higher olefins have not been used as extensively in chemical syn- 
thesis as those containing four carbon atoms or less. Their limited appli- 
cations in the field of plastics include varnish bases, such as polymer slop, 
“Santo Resin” made from special highly cracked petroleum fractions, and 
synthetic drying oils which are produced by polymerization of highly 
cracked distillates and which serve as substitutes for linseed and tung oils. 

Fixed Nitrogen 

The nitrogen content of the earth’s atmosphere is also a raw material 
of prime importance for many plastics. Gaseous nitrogen from this seem- 
ingly inexhaustible source is fixed either by high pressure hydrogenation 
to ammonia or by conversion to calcium cyanamide as a result of passage 
through hot calcium carbide. Other less economical methods are known, 
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but are not operated in the United States. For many years the only com- 
mercial sources of nitrogen were Chilean nitrate and ammonium sulfate 
obtained as a by-product from coal carbonization. 

Because gaseous nitrogen reacts difficultly with other substances, its 
fixation did not become a factor until shortly before World War I. Hydro- 
genation of atmospheric nitrogen to ammonia required the perfection of 
an entirely new engineering technique of high pressure synthesis. This 
technique has since been applied to the manufacture of many other indus- 
trial chemicals, including synthetic methanol, higher alcohols used in 
detergents and wetting agents, and hydrofined petroleum oils. 

Fixed nitrogen, either as ammonia or calcium cyanamide previously 
discussed, is essential for the production of the ureas, melamines, poly- 
amides, acrylates, methacrylates, butadiene rubbers of the “Buna 
variety, and several other resins of smaller sales volume, such as the 
sulfonamides. 

Miscellaneous Raw Materials for Synthetic Resins 
Other substances also serve as raw materials for various synthetic resins. 
Modifying agents for phenolics and alkyds, used in surface coating formu- 
lation, include drying and semi-drying oils, and fossil and recent resins 
such as copal and rosin. Turpentine is also used in the manufacture 
of a limited number of resins employed in lacquers, adhesives, and 
paper coatings. 


Raw Materials for Semi-Synthetics 

Let us glance now at the sources of raw materials for the semi-synthetics. 
Included among them are a number of very different products of natural 
origin: rubber, cellulose, lignin, casein, and other proteins. 

Rubber 

Natural rubber serves not only as the source of its familiar vulcanized 
products, both soft and hard, but also as the basis of a group of resins 
which have found use during the last fifteen years in compounding acid- 
and alkali-resistant paints, lacquers, and adhesives, and in the manufac- 
ture of transparent sheet and foil resembling cellophane in appearance. 

The chemical nature of rubber is altered by isomerizing it with many 
agents which do not, themselves, enter into the structure of the final 
product. These modified forms of rubber contain the same proportion of 
carbon and hydrogen as rubber itself, but the component atoms are 
arranged in a slightly different manner with respect to each other. Prod- 
ucts of this nature are made commercially from rubber by treating it 
with sulfuric acid, etannic chloride, or the like. Their principal uses are 
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as resinous bases for acid- and alkali-resistant paints and for adhesives 
employed especially in bonding rubber to smooth surfaces, for example 
metals. 

An older product is chlorinated rubber, made by the action of gaseous 
chlorine on unvulcanized rubber. This semi-synthetic has found use in 
the formulation of acid- and alkali-resistant surface coatings, especially 
in physical admixture with alkyd resins. 

Hydrogen chloride can also react directly with unvulcanized rubber, 
and the product, known as rubber hydrochloride, is cast into transparent 
films for decorative and wrapping purposes. In another form, it is used 
as a special adhesive. The shortage of natural rubber has led to the 
development of analogous chemical derivatives of various s>mthetic poly- 
mers of diolefins, especially isoprene. 

Cellulose 

By far the most important semi-synthetics are made from cellulose. 
Nature has been particularly lavish in her distribution of this raw mate- 
rial which is formed by all vegetable matter and which consists of large, 
complex molecules built up, supposedly, from carbon dioxide and water. 
Cellulose varies somewhat in its physical and chemical characteristics, 
depending upon its source. It is universally present in the cell walls of 
all plants. When these walls are thick, strong fibers result which are used 
iiulustrially in enormous quantities for the manufacture of paper, textiles, 
twine, and cord. Smaller amounts are used in the production of vulcanized 
fiber. These vital industries take nature’s all-important plastic, cellulose, 
and fabricate it into forms useful to man without substantial chemical 
alteration. 

Semi-synthetic plastics are derived from cellulose by changing its chem- 
ical nature. They arc of three principal types: 

(1) Regenerated cellulose, fabricated by conversion of natural cellulose 
into a soluble derivative and then re-precipitation in different physical 
form from that in wdiich it occurs in nature. It is represented chiefly by 
viscose rayon and transparent film such as cellophane. 

(2) Cellulose esters, made by causing cellulose to react with either 
organic or mineral acids. This family includes cellulose acetate, cellulose 
acetate propionate, cellulose acetate butyrate, and cellulose nitrate. Appli- 
cations are legion, varying from artificial silk to packaging and photo- 
graphic film, lacquers, explosives, and molded objects. 

(3) Cellulose ethers, produced by the action of alkyl halides on alkali 
cellulose. Methyl cellulose and ethyl cellulose are the most important com- 
mercial representatives of this class. Carboxymethyl and hydroxyethyl 
cellulose, as well as benzyl cellulose are manufactured in smaller volumes. 
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Methyl cellulose is used as an emulsifying agent, textile treating agent, 
and size for paper. Ethyl cellulose finds application in transparent film, 
electrical insulation, and molded and extruded plastics. 

Wood Pulp. The most important sources of cellulose are wood and 
cotton. These two products are the principal raw materials of the paper 
and cotton textile industries, respectively. In addition to them, flax, hemp, 
manila, and sisal are used in certain textile and cordage products. Cereal 
straws and esparto are also employed by the paper industry. Sugar cane 
bagasse is the principal raw material in the manufacture of insulating 
and building board like ^'Celotex.’’ 

Wood pulp for the paper industry is manufactured either by purely 
mechanical means or by chemical treatment. Approximately thirty per 
cent of North American production, largely Canadian, is made by mechan- 
ically tearing apart the fibers of barked and washed bolts of cut timber. 
Spruce is most often employed in this process which is carried out by 
forcing the bolts lengthwise against a rapidly rotating abrasive surface in 
the presence of water. Depending upon the amount of water used, the 
process is either hot or cold. Longer and coarser fibers are obtained by 
the cold ‘method. Pulp produced mechanically is suitable only for the 
manufacture of cheap paper such as newsprint. It is really only finely 
divided wood retaining all of its original lignin and resin content. 

For the manufacture of both the better grades of paper and the semi- 
synthetic plastics derived from w^ood pulp, the latter must be treated by 
chemical methods in order to free it from non-cellulosic constituents. 
Cellulose, itself, makes up only about 50 per cent of the wood substance. 
Lignin and resins are present in greater or less amounts, depending upon 
the botanical origin of the wood. There are three methods of chemically 
processing wood pulp to eliminate its lignin and resinous components. 
They are known as the sulfite, soda, and sulfate (or kraft) processes. In 
all of them, the wood is first chipped and sieved. 

In the sulfite process the chips are cooked with steam in a solution of 
calcium bisulfite, then washed, screened, lapped, and dried. About fifty 
per cent of the domestic wood pulp production is made in this way pri- 
marily from spruce, hemlock, and balsam. 

The soda process involves digestion of the chips under pressure in a 
solution of sodium hydroxide at 240® F. This method is applicable to 
such hardwoods as aspen, but is also used for pines, in particular southern 
pine. 

The sulfate process is applicable to coniferous woods possessing a high 
resin content, such as southern pine and lumber mill wastes. Hemlock, 
spruce, tamarack, jack pine, and balsam fir are also reduced by this 
process in less amounts. Chips are digested with a solution of caustic, 
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sodium sulfide, and sodium sulfate. After cooking, the pulp is washed, 
screened, and dried as usual. This process is used for the manufacture of 
kraft paper, but the increased production of relatively cheap chlorine has 
made possible inexpensive bleaching operations so that sometimes even 
as many as four bleaches may be applied. As a result, a high-grade pulp 
is obtained which is competitive in price with that obtained by the sulfite 
process. 

The alpha cellulose content of chemical pulp runs from 90 to 96 per 
cent, even higher occasionally. Pure cellulose is a necessary prerequisite 
for the manufacture of all semi-synthetic cellulosic plastics. Although 
cotton linters are often preferred for the manufacture of esters and ethers 
of cellulose, chemical pulp is sufficiently pure to serve as raw material for 
regenerated cellulose. It supplies approximately 80 per cent of the cellu- 
lose converted into rayon and transparent cellulose packaging material 
like cellophane. For rayon manufacture, cotton linter cellulose is some- 
times blended with it to the extent of 25 per cent. Chemical pulp is also 
used to some extent in the manufacture of cellulose nitrate. 

Cotton. Cotton is the purest naturally occurring form of cellulose, 
containing about 90 per cent thereof. Thq cotton plant has been cultivated 
in sub-tropical climates for centuries. Between 1500 b.c. and 1500 a.d. 
India was the center of the industry, but today the United States, Eg\"pt, 
and Brazil are the cliief exporting countries. From 40 to 50 per cent of 
the world^s supply is grown on about 37,000,000 acres of land within the 
Cotton Belt of this country. 

Although a perennial, cotton is grown as an annual crop, the plants 
being cultivated in rows varying from two and a half to six feet apart, 
with a few indies between plants in each row, or with several jilants 
grouped together in hills twelve to fourteen inches apart. Red and white 
flowers first appear, then mature into four- or five-valved cotton bolls 
that contain from 32 to 36 seeds apiece to which some 8000 cotton hairs 
are attached. The natural function of these hairs is probably to permit 
the wind to scatter the seed after the boll has ripened and burst, much 
as the achenes of the dandelion are disseminated by the tufts of hair 
attached to them. The staple fibers of cotton vary from % inch to over 
2 inches in length, depending upon the species. Practically all staple fiber 
is utilized in the manufacture of textiles. 

After the cotton is removed from the seed by ginning, there remains a 
fuzzy covering of down, called linters, which fonnerly was discarded. 
AVhen the United States entered World War I, the increased demand for 
cellulose led to issuance of an order by the War Industries Board requir- 
ing the principal cottonseed oil mills to install additional delinting 
machinery. After the war, chemical utilization of cotton linters became 
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an important problem. Today they are a prime source of cellulose for 
the manufacture of nitrate, acetate, and ethyl cellulose. 

Ginned cottonseed are cleaned and then delinted by passage through a 
machine in which they come in contact with saws revolving at high speed. 
The non-cellulosic impurities are removed by several hours’ cooking with 
about 3 per cent caustic soda under 40 to 80 pounds of steam. The digested 
linters are then washed free of caustic, bleached with chlorinated lime, 
sometimes treated with an anti-chlor, and then thoroughly washed and 
dried. The purified product, known as alpha cellulose ( a term applied to 
grades of cellulose which are insoluble in caUvStic solution), represents 
about 75 to 80 per cent of the original weight of linters and averages 99 
per cent purity. 

Lignin. In the manufacture of wood pulp, large volumes of waste 
liquors are produced. Those from the soda and sulfate mills are evapo- 
rated and the residue burned. By suitable treatment of the ash, from 85 
to 90 per cent of the original chemicals are available for re-use. Recovery 
is a necessary feature of the economics of these processes. In the case of 
sulfite operations, however, waste liquor is discharged into nearby streams, 
resulting in obnoxious pollution. We have already seen that 25 to 30 
per cent of the wood substance is lignin. This is all contained in the 
waste sulfite liquors. It would be possible to recover one and a half 
million tons of lignin from the waste liquors of })ulp mills every year, 
were an effort made to do so. Added to this are several million tons of 
lignin which could be supplied annually from forest and sawmill wastes, 
while enormous amounts are potentially available from such annual crops 
as sugar cane bagasse, cornstalks and cereal straws. Nearly three and a 
half million tons of bagasse, for example, are produced annually in the 
United States, Puerto Rico, Hawaii, and the Philippines, while only 150,- 
000 tons are converted into insulating and building boards. 

Current developments are under way to utilize at least a ]mrtion of the 
lignin content of all these industrial wastes. Several products made from 
waste liquors and varying from tanning agents and adhesives to additives 
for Portland cement and synthetic vanillin are on the market. Both 
laminating and molding resins have been developed from lignin. 

In addition to plastics derived from lignin recovered from waste liquors, 
another semi-synthetic plastic has been produced in times past by ex- 
ploding and compressing wood chip^. In this product, which has now been 
removed from the market, the activated lignin content of the chips served 
as binder. 

Proteins. Several plastics are derived from proteinaceous raw mate- 
rials. Among proteins so used, casein is the oldest. It occurs to the extent 
of three or four per cent in normal whole milk. After separating the cream 
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by centrifuging, the casein is precipitated with either dilute acid or rennet 
at a slightly elevated temperature. It is then washed and dried. Its prin- 
cipal use is in paper coating but appreciable amounts are also employed 
in plastics, casein wool, adhesives, paints, insecticidal sprays and miscel- 
laneous applications. The product utilized by the plastics industry is 
precipitated exclusively with rennet. Acid-precipitated casein is used in 
the production of synthetic fibers. 

Natural proteins from other sources are currently being explored as 
raw materials for semi-synthetic plastics and related products such as 
fibers. Soybean protein and corn zein arc the most important. 
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Chapter 4 

General Chemical Principles of Resinification 

The organic chemist is essentially an architectural engineer. His struc- 
tures are of molecular dimensions, but despite their invisibly minute 
nature he is vitally concerned with their size and geometrical aspects and 
with the constructional materials used therein. The plastics technologist 
is no less interested in the architecture of his materials than the orthodox 
organic chemist who deals with smaller and more conventional molecules. 
Time was when a special set of rules was thought to apply to resinous 
materials. Numerous hypotheses have been proposed and discarded con- 
cerning the possibility that these substances might be composed of large 
agglomerations of many small molecules united in physical association. 
It is now universally accepted, however, that they are built up of large 
molecules whose fundamental structures comprise chemical bonds no dif- 
ferent from those which exist in the simplest organic compound, methane. 

The significant distinction between conventional low molecular weight 
organic compounds like ethyl alcohol or benzene and resinous materials 
like polyvinyl chloride or the phenoplasts is primarily one of size of the 
component molecules. Resinous materials may vary in molecular weight 
from only a few hundred to several hundred thousand — ])()ssibly a million 
or two in some instances. Many of the physical and, to some extent, even 
the chemical properties of synthetic and semi-synthetic resins are directly 
related to their molecular weight. 

Geometrical Aspects 

In a large molecule, structural relationships play a very important role. 
Where its skeleton is constituted of a long linear chain of atoms, its 
thread-like character, despite its randomly kinked nature, confers upon 
it quite different properties from those associated with a molecule built 
around a closely inter-locked, three-dimensional skeleton. 

Thermoplastics. The former type of resin is thermoplastic, that is, it 
can be softened and sometimes melted by application of heat without 
undergoing appreciable chemical change — ^i)rovided it is not carried above 
its decomposition point. Upon cooling, it resumes its original solid condi- 
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t£oil^ This operation (?an be repeated as often as desired. Polystyrene and 
iMisi bf the vinyl resins are typical thermoplastics. 

Uk unnecessary for the linear chain of a thermoplastic to be composed 
solely of carbon atoms as in the families just cited. It may contain other 
elements as well, as in nylon. It may also consist of a linear association 
of rimes, like looi)s in a chain, as in cellulose derivatives. 

» Thormohardened Resins. Where the structural skeleton of a resin 
consists of an interlocked network of bonds, the substance is much less 
seamiive to heat and will not melt or soften appreciably below its decom- 
position point, although a limited amount of shaping may be practicable 
by careful application of heat and pressure. Plastics of this type are 
designated thermohardened inasmuch as they remain hard and unmold- 
able upon heating. We shall see in .subsequent chapters that thermo- 
hardened plastics may be produced in .<ome cases by carrying out resinifi- 
cation of suitable intermediates at room temperature or slightly above it. 
In other instances, ap[)lication of considerable heat during molding is 
essential. In the latter case, the substance is already partially resinified 
and use of heat, ordinarily with pressure, completes its conversion to a 
still higher molecular weight, more cross-linked structure. It is then desig- 
nated as a thermosetting plastic for it is set (or cured) by heat. Uncured 
thermosetting resins can be softened a limited number of times or for a 
limited period by heating. If the time and temperature are sufficiently 
prolonged, however, chemical reaction sets in, complex tridimensionality 
is develo|)ed, and the resin hardens while still hot. It remains hard, 
tegBTiMess of whether it is further heated or cooled and reheated. Straight 
pfaerolic and urea resins are typical thermosetting plastics. 

Tridimensionality may also sometimes be developed by causing a 
thermoplastic to react with an extraneous chemical which is cai)able of 
crcwNP-linking the long linear resin chains. Reaction of this kind is, of 
course, predicated upon the presence of specific active groups in the 
reainous molecule and may be carried out either at room temperature or 
above. A case in point is the vulcanization of rubber with sulfur. Thermo- 
hardened resins produced in this manner are occasionally called chemoset 
or ehemosetting plastics. 

Relation of Structure to Properties. Thermoplastic and thermo- 
hardened resins constitute the two major divisions of the plastics field, 
ika a rule they are differentiated from each other in (1) methods of syn- 
thesis, (2) means of fabrication into molded shapes, (3) chemical struc- 
ture (linear versus tridimensional), and (4) physical properties. Because 
of the complexity and rigidity of the molecule, resins whose skeletons are 
oross-linked, or tridimensional, are far less soluble and arc harder than 
products of the same molecular weight which arc linear. As noted above, 
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they are much less susceptible to heat. They are far less extensible, stiffer, 
and possess greater resistance to deformation under both heat and load 
than linear structures. Tridimensional resins exhibit much less cold flow 
than linear ones. 

As the chemistry and technology of plastics develop, however, more 
and more borderline cases appear. Many families of plastics, such as the 
phenolics, alkyds, and allyl resins, for example, include both thermoplastic 
and thermosetting members. Hence, an absolutely clean-cut line of 
demarcation between these two groups becomes more and more difficult. 
It is desirable to have some way of relating tridimensional to linear mole- 
cules. Although not entirely accurate in ever>^ case, let us suppose that 
tridimensional molecules are built up by establishment of bridges of some 
sort, either direct valencies or radicals, between several linear chains, 
according to Figure 9. 


L 

Figure 9. Schematic representation 
of cross-linked chains. 


The more of these bridges, or cross-linkagCvS, which exist per unit length 
of chain, the more complex the tridimensional character of the molecule 
and, in a group of otherwise similar products, the greater the abrasion- 
and heat-resistance, and the less the solubility in both organic solvents 
and water. Density is increased. Cold flow is decreased. Reversible ex- 
tensibility is also diminished. The complexity of this cross-linked net- 
work may be given a semi-quantitative characterization in terms of its 
netting index which is the number of bridges per hundred chain linkages. 
A netting index of 7, for example, indicates that, on the average, the resin 
under consideration possesses seven bridges per hundred linear bonds. 
Unfortunately, present knowledge permits only guess-work in the assign- 
ment of netting indices to various plastics; but the following table, pro- 
posed by Mark, at least serves the useful purpose of suggesting the rela- 
tive approximate complexity of the molecules of certain commercial 
plastics. 

The netting index of a resin is of practical significance not only with 
respect to methods of molding and preparation of solutions for surface 
coating, for example, but also as regards its ability to form films and, 
especially, filaments. 
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Table 1. H 3 rpothetical Netting Indices of Certain Polymers^* 


Substance 

Native cellulose 

Native rubber 

Polybutene 

Polystyrene 

Polyvinylchloride 

Poly butadiene (un vulcanized) 

Soft vulcanized rubber 

Hard rubber 

Buna N or S (unvulcanized) 
Phenolics (thermoset) 


Netting Index 
Nearly 0 
Nearly 0 
Very low : 3-5 
Very low: 3-5 
Very low”: 3-5 
Medium . 5-10 
Medium: 5-10 
High: 10-20 
High: 10-20 
Very high: about 50 


Cr 5 niitallinity in High Polymers. The relation of structure to fila- 
ment formation has been admirably indicated by Carothers ^ in the fol- 
lowing Words: “The qualities necessary for a useful fiber appear to be 
associated with a v^ery high molecular weight linear polymeric structure 
md a attain degree of crystallinity or definite order in the arrangement 
of the molecules. The relation between molecular structure and arrange- 
ment and the physical properties of fibers has been most clearly recognized 
and discussed by Meyer and Mark. In a natural cellulose or silk fiber 
the long molecular chains are arranged in an ordered fashion parallel 
with the fiber axis. This state of affairs is symbolized as follows: 



Figure a 


This arrangement provides the maximum possible strength in the directioiv 
of the fiber axis since the mutual cohesive force of the long chains is fully 
utilised. To rupture the fiber it is necessary to cause the chains to slip 
past one another against this cohesive force as indicated in the dotted 



Figure b 


line* A transparent sheet of regenerated cellulose shows (by x-ray pat- 
terns) a certain degree of order in the arrangement of its molecules, but 
there is no general orientation. This state of affairs is symbolized in 
Figure b. This more or less random arrangement of ordered molecular 
0$gregate8 can be brought into the more highly ordered state symbolized 
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in Figure a merely by the action of mechanicol stress. Thus the sjbraigth 
of a sheet of Cellophane that initially has approximately the aame 
strength in all directions can be so changed, merely by careful strfAohli^, 
that its strength along the axis of stretch is increased several fold. At the 
same time its strength along the axis normal to its stretch is consiilerably 
diminished. The strength of a rayon filament can be increased several fold 
by the action of stress while it is in the spinning bath, and a coaaparison 
of the x-ray patterns shows a much higher degree of orientation the 
fiber axis in the filament formed under stress. For a rough medbanical 
analogy of the mechanism of this process one may picture a difsrdered 
mass of long straws (molecules) coated with a semi-fluid adhesfene (co- 
hesive force). The gradual application of stress to such a mai^ would 
finally bring the straws into parallel alignment where they would more 
strongly cohere and resist the further action of stress. 

'^The peculiarities of high polymers are nowhere more strikingly ex^ 
emplified than in this curious ability to accept permanent orielctatioiis 
through the action of mechanical stress. The properties of simple^jorganic 
compounds are, generally speaking, independent of their physical bietory ; 
they are completely determined by the nature of the molecules. Very 
large molecules, however, are not capable of adjusting themsel?ires in- 
stantly to any changes in physical environment, and the properttes of a 
very high molecular weight material may vary over a wide range liep^d- 
ing upon the physical treatment it has received.” 

This knowledge has been applied industrially in the manufacture of 
nylon, during the spinning of which rrlechanical stress is applied ^ order 
to increase fiber strength. The same operation is also carried oifib in the 
manufacture of filaments from polyvinylidene chloride and polyethyteie, 
as well as in high strength hydrolyzed cellulose acetate and other fibers^ 
Molecular orientation is well-known to nature in her synthesis of tuiidcm. 

It was once supposed that the essential characteristic of all resine was 
lack of crystallinity. It is now known that where the molecular structure 
is quite symmetrical, there is a very definite tendency for high molecular 
weight substances to assume a microcrystalline structure. It seems ppo^ 
able that in many cases — such as rubber and cellulose, for examplje — 
crystallinity in high polymers differs from that in conventional low 
molecular weight compounds in that a single linear molecule is not nebes- 
sarily confined within the limits of a single crystalline region, but may 
traverse several of these areas while passing through intermediate die* 
ordered states. 

Molecular Size 

We have seen that many of the physical and chemical properties 44 
resinous materials are contingent upon the geometrical structure of their 
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molectlles. It is no less true that a large number of the physical and 
chemical properties of these materials, as well as their commercial applica- 
tions, a^rc determined in large measure by their molecular weight. This 
situatton is particularly true in the case of linear thermoplastics where 
this property can be more readily regulated and more easily estimated 
than in thermohardened materials. 

Classification. Inasmuch as the molecular weight of resinous com- 
pounds may vary from only a few hundred to several hundred thousand, 
it is desirable to subdivide the field according to order of magnitude. 
Staudtc^er has proposed the following classification: 

Hemitolloids. Resinous substances having a molecular weight up to 
about 10,000. Their degree of polymerization usually runs from 20 to 
100. These materials are either brittle solids which can readily be re- 
duced to a fine powder, or glue-like masses. They dissolve without swell- 
ing and their solutions are low in viscosity, a factor of prime importance 
in their y)rineipal commercial applications — the formulation of surface 
coatings and adhesives. 

* Mesoeolloids. Resinous substances having a degree of polymerization 
ranging from 100 to 1000. These substances are much tougher and there- 
fore much less friable than the hemicolloids. They usually swell to some 
extent before dissolving. Their solutions are relatively viscous. They are 
frequently used commercially in the fabrication of molded objects. Films 
and filaments can often be produced from mesocolloids. 

Etu^Uoids. Resinous substances having a degree of polymerization ex- 
ceeding 1000. These materials are very tough. Strong films and filaments 
can readily be i)roduced from them. They often show marked reversible 
extensibility and are technically useful because of their rubber-like prop- 
erties. They swell enormously before dissolving and yield highly viscous 
dilute solutions. 

Relation of Size to Properties. In general the effect of increasing 
molecular weight in a linear resin is to increase heat resistance, hardness, 
tensile strength, impact strength, abrasion resistance, and reversible ex- 
tensibility. Film- and filament-forming capabilitio are increased. Solu- 
bility is decreased with attendant development of swelling phenomena 
and high viscosity in dilute solutions. 

MTdlecular Weight Determination. Numerous experimental meth- 
ods have been proposed for the determination of the molecular weight of 
resinoiili substances. For estimation of the molecular weight of conven- 
tional organic compounds, cryoscopic and ebullioscopic methods are well- 
known to every chemist. They can be applied to resinou^ materials whose 
molecular weight is not in excess of about 10,000. Above this limit, how- 
ever^ it is necessary to resort to some other means of measurement. In- 
deed, until recent years there have been no other satisfactory ways to 
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determine very high molecular weights and this fact has perhapi htm 
the greatest single deterrent to elucidation of the nature of maxijr high 
polymers. Even today there is much uncertainty about this matter and 
none of the methods now used is beyond suspicion. It is at present Miieved 
that the most reliable results are obtained either by osmotic pmmre 
measurements or by means of ultracentrifugal sedimentation, although 
the former are inaccurate above about 100,000. 

A purely chemical way of determining the molecular weight of resinous 
materials depends upon the presence of a known number of some par- 
ticular radical in the molecule. This is called the ^'end group^’ method 
because usually the radical in question is located at either one or both 
ends of the principal chain. Such end group determinations can be 
applied to only a very limited number of resins in which the presence of 
a reactive group at the end of the chain can be established with certainty. 
A case in point is the high polymer obtained by self-condensation of 
w-hydroxydecanoic acid. 

The first reasonably satisfactory method for approximate estfanation 
of high molecular weights was developed by Staudingcr and is based upon 
viscosity measurements. Although values obtained in this way are subject 
to many inaccuracies and although the method has been caustically criti- 
cized, it remains the most widely used procedure and the one which is of 
greatest technical merit, for viscosity measurements give infotaiation 
w'hich is not only valuable from a theoretical point of view, but which 
is also of great significance from the practical angle in the formulation 
of sprface coatings, adhesives, and allied products. Viscosity determina- 
tions are of inestimable value in plant control operations and offer a useful 
means of grading various commercial resins. Staudinger established the 
emfurical fact that in dilute solution, the specific viscosity of high polymers 
is directly proportional to the length of chain of such compoundi and 
hence to their molecular weight. His relationship states that 

M = — 

KmXC 

where M is the molecular weight of the compound, C is the basic molarity 
of the solution, i.e., the molar concentration in terms of the monomieric 
unit present, and is a constant which varies for different polymeric 
series and has to be determined by cryoscopic or other methods before it 
can be applied to viscosimetric calculations. The specific viscosity of the 
solution, is equal to r)-}, where rfrt the relative viscosity, is the ratio of 
the viscosities of solution to pure solvent at the same temperature. 

Upon the basis of this relationship, established experimentally in the 
case of the lower members of various series and extrapolated, as a gpod 
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guess, to far more heavy ones, Staudinger and his students determined 
the molecular weights of a variety of linear polymers. Because of the 
empirical nature of this relationship and the audacity of extrapolation 
to magnitudes far in excess of those at which it was verified experi- 
mentally, the viscosimetric method of determining molecular weights has 
received much criticism and has never been accepted with too much con- 
fidence, despite its utility and general use. In 1939, M. L. Huggins 
of the Eastman Kodak Research Laboratories, on purely theoretical 
grounds, derived a relationship between the s[)ecific viscosity of solutions 
of linear molecules and their molecular weight. He arrived at a direct 
proportionality having the same form as Staiidinger's empirical equa- 
tion, but in which certain other symbols having a more tangible physical 
reality replace those of Staudinger. 

It is important to note that the viscosity method measures the chain 
length of a high molecular weight compound, not the actual molecular 
weight. If the chain is constituted of a series of equivalent units, as in 
the case of cellulose derivatives or rubber, the law holds, but if the 
compound is too com])lex in structure for the molecular weight to be 
calculated as a simple function of chain length, the viscosimetric method 
is useless and some other procedure must be adopted. 

The definition of molecular weight of high polymers by viscosimetric 
methods leaves much to be desired despite its more or less theoretical 
validity. Not only are consistent results difficult to obtain, but the ap- 
plicability of Staudingcr’s relationship is so hazardous that apparent 
molecular weights so measured may be in error by 500 per cent or more. 
The values commonly re])orted for vinyl polymers are an example of 
this state of affairs — ^most of them are far too low. Industrial practice, 
therefore, has been directed tow’ard defining the molecular size of 
macromolecular substances in terms of the viscosity of their solutions 
under certain standard conditions, rather than as molecular weight. In 
the case of cellulose nitrate, for example, molecular magnitude is indi- 
cated in terms of seconds, referred to in the Hercules^ falling ball method 
described in Chapter 22. In the case of polyvinyl acetate, Shawinigan’s 
lead has been followed by listing these resins in terms of the absolute 
viscosity at 20® of benzene solutions which contain the equivalent of 
one mole of monomer per liter. (If measurement is made with an Ost- 
wald viscosimeter, absolute viscosity of the solution can be calculated 
from the expression: 

dsXta 

where ly, is the absolute viscosity of the solution and is the absolute 
viscosity of benzene — both at 20®, is the time of efflux of the solution in 
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seconds at 20®, is the density of the solution and and are the corre** 
spending values for benzene.) 

Polymers and copolymers of vinyl chloride, on the other hand, are de- 
fined in terms of the specific viscosity of dilute solutions of specified con- 
centration in appropriate solvents, such as nitrobenzene or methyl efihyl 
ketone. The specific viscosity, as above noted, is equivalent to ly,.-!, wbcne 

Tff. is the relative viscosity, ~ - , for example. 

Vmek 

It should be noted that the viscosity of concentrated solutions of high 
polymers, such as those containing 10 to 15 per cent solids, by no means 
parallels their absolute viscosity in dilute solutions at about 1 per cent 
concentration or less. While the latter may be used for calculatiim of 
molecular weight according to the Staudinger method, the viscosity of 
solutions of high solids content depends upon numerous other factors be- 
sides chain length, evaluation of whose importance is usually not feasible. 
The past history of the resin is often of great significance. In the case of 
cellulose acetate, for example, materials prepared from wood pulp and 
from cotton having the same viscosity in concentrated solution, will usu- 
ally show quite different viscosities at 1 per cent concentration or less, 
while a given sample of secondary acetate washed in one instance with 
distilled water and in another with hard water will yield concentrated solu- 
tions of distinctly different viscosities. Although these differences are 
probably of relatively little significance to lacquer formulators, they are 
factors which must be carefully watched in research. investigations. 

In addition to the conventional methods of estimating molecular 
weights described above, a new procedure based on light-scattering pro- 
duced by large molecules is coming into rather widespread use. This 
method is based on theoretical considerations develoi)ed by P. Del)ye and, 
for the first time, affords a means of determining molecular weights with- 
out the inaccuracies which result from the presence of low molecular 
weight fractions. 

Molecular Weight Distribution. It should be obseiwed that, except 
for detenninations based on light scattering, all of these methods give the 
average molecular weight of the substance under investigation. Most 
resinous substances arc constituted of a mixture of similar molecules of 
varying size. If the variation is great, then the average molecular weight 
gives relatively little information concerning the magnitude of the indi- 
vidual molecules present. It should also be emphasized that a small 
weight percentage of very low molecular weight material represents a 
relatively large molecular ratio, particularly where the range in molecular 
weight is wide. This statement also holds for small amounts of such im- 
purities as water or solvents and has frequently been the source of griev- 
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Figure 10. Weight average molecular weight di.stribution curves for three commercial 
grades of polyvinyl acetate. {Blea^e and Tuckelt 


ous experimental error. For accurate information, therefore, a resin must 
be fractionated by [irecipitation, solution, or some other method and thus 
separated into carefully dried and solvent-free portions which are approxi- 
mately homogeneous in molecular size. Fractionation, combined with 
molecular weight determinations upon each fraction, gives a knowledge 
of the molecular weight distribution in a given resin. Figure 10 shows 
distribution curves determined for commercial samples of polyvinyl ace- 
tate of three different viscosity grades. 

Where the molecular weight of the fraction under investigation is sub- 
stantially homogeneous, the value found experimentally should be the 
same, regardless of method — provided, of course, that the particular 
means of measurement is applicable to a high polymer of the size and 
shape at hand. Where there is a considerable spread, howwer, in molecu- 
lar w^eight distribution of the sample investigated, the value obtained is 
an average of the molecular weights of all component fractions. Most 
of the procedures discussed, such as cryoscopic, ebullioscopic, osmometric, 
and end group methods, give average values which are dependent upon 
the mole fraction distribution in a polymeric mixture. Viscosimetric meth- 
ods, however, yield average values which are dependent upon the actual 
weight distribution in such a mixture. The former average value is con- 
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tingent upon the number of molecules of different weights present in a 
given sample and is called the number average molecular weight. The 
latter average value being contingent upon weight distribution of the 
various fractions is known as the weight average molecular weight. The 
greater the spread in molecular weight distribution, the greater is the 
divergence between these two values which are absolutely equivalent 
only in a homogeneous fraction. 


General Processes of Resinification 

We have seen in a very general manner the ways in which physical 
and chemical properties and commercial utilization of resinous materials 
are related to the architecture of large molecular species. How are 
such large molecules formed? 

Why should the organic chemist obtain fairly simple, low molecular 
weight compounds on numerous occasions and yet, on others, produce 
materials of such large molecular dimensions, that, at times, they become 
almost distinguishable by the electron microscope? Tlie answer to this 
and many other questions posed by the study of high polymers has not yet 
been given with certainty. Many important articles have been contributed 
to the literature and a number of invaluable books have sought to explain 
these problems by physical and mathematical discussions. Unfortunately, 
much of this vast accumulation of information is still rather speculative. 
Because of the uncertainty which surrounds many of these theoretical 
discussions, this text will make no pretense of considering any of them in 
detail. One is tempted to quote the genial Frenchman, Robert Lespieau: 
'^Certain clans of investigators have contracted the habit of bluffing in an 
extraordinary way. They base extremely beautiful systems upon measure- 
ments which agree to about 400 per cent.’' 

Resinification reactions are separated into two principal categories: 
condensation and polymerization. 

Condensation. In condensation reactions, water or some other rela- 
tively simple compound, usually of inorganic nature, is eliminated by 
reaction of two or more organic chemicals. Reactions of this type are 
common synthetic processes in the production of conventional low molecu- 
lar weight organic compounds. For example, in the preparation of ethyl 
butyrate by esterification of ethyl alcohol and butyric acid, water is 
eliminated in accordance with equation (1). 
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If the alcohol contains two hydroxyl groups instead of one, e.g,, ethylene 
glycol, the resultant ester is still of low molecular weight: 


O 

(2) HOCHj-CHaOH + 

o o 

o---ch2--<:h2-o + 2H2O 


If, however, the acid contains two carboxyl groups while the alcohol 
is dihydric also, the product is no longer of low molecular weight, but is a 
complex condensation product. The reaction is the same as above, but 
there is no well-defined point at which esterification must cease and the 
product is therefore a chain of considerable length, a portion of which is 
represented by formula (3) 


00 00 

II I! I! Jl 

(3) • • • -<:H2-€H2-<M^-<^H2--C^H2-<^--0-<:’H2-<^n2-0-<^-^^ • • • 

The precise point at which esterification ceases in the production of a 
prolonged chain like that just illustrated is determined in i)art by reac- 
tion conditions and in part by the specific nature of the reactants. Rela- 
tively little is 3 ^et known as to how or why such condensation reactions 
stop. The product being of high molecular weight — ^usually at least sev- 
eral thousand — it is more or less resinous in character. It belongs to the 
general category of condensation resins. 

Resinification by condensation which has been illustrated here with 
esters may be carried out with numerous other organic compounds. In 
general, the formation of high molecular weight compounds will occur in 
condensation reactions where each of the tw^o interacting chemicals con- 
tains at least two reactive, i.e., functional groups, per molecule. For 
example, ethyl chloride and sodium sulfide can be reacted to form diethyl 
sulfide, but ethylene dichloride and sodium polysulfide react to yield 
^'Thiokol a product of high molecular weight. Numerous cases of high 
polymer formation by condensation will be given in subsequent chapters. 

It should be noted, in passing, that the formation of high molecular 
weight products by reaction of bi- or polyfunctional compounds with 
each other is the rule, rather than the exception. The production of con- 
ventional low molecular weight organic compounds by such reactions, al- 
though well known, is less common. Because of the historical interest of 
chemists in products which could be easily purified by crystallization or 
distillation, the exceptions to this general rule were better known than the 
rule itself, until very recent years. Illustrations of the preparation of 
low molecular weight compounds by polyconderisation reactions will be 
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cited in later chapters. Where 5- or 6-membered rings can be produced 
in such operations, they are often formed, ethylene oxalate, 


O H C=0 

H,C'^ ^C=0 , . . , H,C^^ H 

I I , and lactide, I | / 

HsC C=0 O C— CHj 

o c 


o 




, bding typii^a]. 


The examples of high molecular weight compounds made by condensa- 
tion reactions which have been shown above are all linear and therefore 
thermoplastic. It will be apparent that if one, at least of the reactants 
possesses more than two functional groups, cross-linkages can be estab- 
lished between the principal chains and tridimensionality, with attendant 
thermohardened characteristics, is thus developed. If glycerol is used 
instead of ethylene glycol in the product shown in (3), then a complicated 
interlocked network results which may be represented in part as follows; 


I 

() 


(4) 


O O 

CHj -c:h o— i!:— ch,— CH r-(!— 


o 


o-=t: 

<!:hj 

1)0 0 

CHs-^H-<:Hs— O— (!— CH,— €H j— O— CHa— CH— CHj— O- 


A considerable number of commercial plastics produced by condensa- 
tion are thermoplastic, for example; nylon, some of the alkyds, some of 
the phenolics, thioplasts, and toluene sulfonamide-formaldehyde resins. 
On the other hand, the most important thermosetting plastics are also 
produced by condensation reactions, i.e., the phenolics, ureas, melamines, 
and many of the alkyds. Fundamentally, the distinction between these 
two major classes from the synthetic point of view lies in the number of 
available reactive groups in each of the interacting component substances. 
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Polymerization. It lias been noted above that another general type of 
resinification reaction is known: polymerization. In the latter, a high 
molecular weight compound is formed by consecutive addition of one 
unsaturated molecule to another across the double or triple bond with- 
out elimination of any substance by metathesis. Formation of low 
molecular weight compounds by polymerization is well-known. Dimeriza- 
tion of isobutylene to a mixture of Cg olefins is an important commercial 
example of this process. So also is dimerization of acetylene to vinyl 
acetylene, an essential intermediate in the manufacture of neoprene. In 
both of these instances, however, the formation of dimer from monomer 
is only one of many polymerization reactions which each of these unsatu- 
rates is capable of undergoing. Careful selection of reaction conditions 
is essential to assure formation of dimer rather than higher polymers. In 
the case of isobutylene, for example, addition of one molecule to another 
across the double bond may occur until products having a molecular 
weight of 200,000 or more are obtained. A portion of the structure of 
such a poly isobutylene may be represented as follows: 

CHa CHa CHa CH3 
. . . — 1^'' — (’Ha — C’ — C'H2 — C’-— C’H'i — — C^H2 — • • • 

^'H, (I'H, d'Hj 

In the case of acetylene under certain reaction conditions, cuprene — 
an insoluble, apparently tridimensional, solid, brown, voluminous pow- 
der of general formula ( 03112 ) a?; unknown structure — is produced. 

Ordinarily the catalysts and reaction conditions required for lo\v and 
high polymer formation difl’er. Moreover, the production of high polymers 
docs not often j)roceed through intermediate lower members of the same 
polymeric series; at least low members such as dimers and trimers can- 
not usually be isolated from reaction mixtures in wdiich high molecular 
weight polymers are being produced. It is also not often possible to 
polymerize further a high polymer once reaction has stopped, neither can 
dimers or trimers often be converted to the same high polymers as w^ould 
have been obtained directly from the monomer. Numerous hypotheses 
have been advanced to exf)lain these facts. The most popular one at the 
present time is a development of the theory of chain reactions, the double 
bond of a monomer being supposedly activated by some means, prob- 
ably by the polymerization catalyst. Another unsaturated molecule adds 
across the activated group and the activation is transmitted to the un- 
saturation present in this additive compound. This reaction continues 
consecutively and with great speed until the molecule becomes deactivated 
by some means, whereupon the chain is interrupted and polymerization 
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ceases. This type of polymerization is illustrated specifically in the case 
of polystyrene (see Chapter 16). 

Some unsaturated systems can be polymerized very easily to high 
molecular weight compounds. Other unsaturates appear less amenable 
to this type of reaction. Many rules have been enunciated to predict 
and explain the tendencies of unsaturated systems to polymerize. With 
each new day, however, compounds formerly thought to be incapable of 
polymerization are polymerized so that most speculation of this kind 
will be omitted from this text, discussion in the following chapters being 
confined largely to unsaturates which are actually polymerized commer- 
cially to useful compounds. 

It should be noted that high polymers are frequently produced by con- 
joint polymerization of two or more unsaturates, in which case the 
monomeric units of each appear in the polymer. The resins thus pro- 
duced are known as copolymers. Many commercial products of this 
kind are of great importance, especially among the vinyl resins. 

In some instances, an unsaturated compound which, alone, cannot be 
polymerized does lend itself to conjoint polymerization with other readily 
polymerizable unsaturates. Maleic anhydride and styrene arc a case in 
point. Polymers so made are often termed heteropolymers. 

Ordinarily, polymerization of an unsaturatcd compound leads to the 
formation of a molecule possessing a linear skeleton. In some instances, 
however, for reasons which are not yet clear, branching of the chain ap- 
pears to occur. The more complicated the branching, the more a polymer 
of this kind tends to resemble a cross-linked, thermohardencd plastic. 

Where two unsaturated groups are present in a single monomer, the 
possibility exists that each will enter into polymerization reactions, re- 
sulting in formation of a cross-linked, thermohardencd plastic. Copolymers 
of styrene and divinyl benzene and polymers of diallyl phthalate are 
typical of this type of resin. 

The fundamental characteristic of high molecular weight compounds 
formed by either condensation or polymerization is the repetition of one 
or more unit groups a very large number of times. In the case of polymeri- 
zation, the unit group has the same formula as the monomer; in the case 
of condensation, it lacks the elements of water or some other simple sub- 
stance removed during reaction. The number of times that the unit group 
is repeated in a polymer is known as the degree of polymerization, or 
D.P. of the latter. Carothers has suggested that all of these high molecu- 
lar weight compounds should be called polymers, the two categories being 
distinguished as condensation or C-polytners and addition or A-polymers. 
He called the unit group of either type of polymer a ''mer.^' 

Within the past few years a considerable number of mixed condensa- 
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tion-addition polymers and copolymers have become important commer- 
cial articles. ^‘Laminae” and several other low-pressure, no-pressure 
laminating resins are cases in point. 

Relation of Chemical Nature to Properties 

We have seen earlier that the geometrical structure and the size of high 
polymeric molecules exercise important influences upon their behavior. 
A third factor which contributes to the physical and chemical behavior 
of these materials is, of course, the chemical nature of substituent groups 
which they contain. One very significant physical property which is influ- 
enced by these groups is solubility. In general, the rule that like dissolves 
like applies as well to resins as to other bodies. The presence of hydro- 
philic groups like the hydroxyl or carboxyl radical increases oil resist- 
ance but decreases water resistance. Where many groups of this kind are 
present in a single molecule, as in polyvinyl alcohol or polymethacr3dic 
acid, the resin may be soluble in water. Non-polar groups, such as alkyl 
and aryl radicals decrease oil resistance and increase solubility in com- 
mon solvents while increasing water resistance. Sulfur as sulfide or poly- 
sulfide increases water resistance and moisture impermeability. Electri- 
cal properties are best in materials of hydrocarbon nature. Abrasion re- 
sistance appears to be affected to some extent by chemical nature, being 
often decreased by alkyl groups and increased by hydroxyl radicals. 
Oxidation resistance and hence aging characteristics are improved as satu- 
ration of the molecule increases. 

It should again be emphasized that much of our knowledge concerning 
the chemistry of high polymers is still open to question. The generaliza- 
tions which have been enunciated in this chapter are neither all-inclusive 
nor perfect, but they serve as useful aids to the classification of our pres- 
ent information in this field which will be discussed more in detail as we 
consider ir^dividual families of plastics. 
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Chapter 5 

Mechanical Manipulation of Plastics— Molding 

The innumerable commercial articles into which synthetic resine and 
plastics are fabricated can be grouped as follows: 

1. Molded forms 

2. Laminated shapes 

3. Molded laminates 

4. Plywood 

5. Cast objects 

6. Extruded shapes 

7. Sheets, sheeting, and foil 

8. Blown goods and allied products 

9. Spun filaments 

10. Surface coatings 

1 1 . Resin-treated fabrics and paper 

12. Adhesives 

13. Miscellaneous goods 

Often there are several ways in which members of each of these classes 
can be produced. In the case of high-pressure molding, for example, plas- 
tics may be formed by compression, transfer, jet, or injection processes, 
depending upon the material and the application. 

We have seen that plastics are classified in two main groups according 
to their chemical behavior: thermoplastic and thermosetting. This typing 
according to performance upon application of heat is far from a purely 
theoretical consideration. It is a matter of vital importance to every 
molder and fabricator, for it imposes very definite restrictions upon the 
way in which a given plastic can be handled. 

Because the physical properties of synthetic resins are largely defined 
by such chemical characteristics as their molecular shape, weight, and 
functional radicals, those plastics which possess certain molecular prop- 
erties in common can be fabricated by similar methods. Hence a given 
operational process is applicable to numerous plastics, with only minor 
variations of detail. In this chapter we shall consider briefly the general 
ways in which synthetic resins and plastics are manipulated in making 
the diverse products listed above. 
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Molded Articles 

Many plastics can be shaped in a mold, with the application of heat 
and pressure, to yield such articles as buttons and bottle closures, pipe- 
stems and cigarette cases, radio cabinets and vacuum cleaner hoods, light 
reflectors and hairbrush handles, combs and costume jewelry, sub-machine 
gun stocks and airplane anteima stanchions. Thousands of molded ar- 



Courtesy Bakelite Corp. 

Figure 11. Battei’y of tumbling barrels for removing flash from molded 

plastic objects. 

tides of the greatest variety are turned out daily by the presses of the 
many custom molders throughout the country. 

In manufacturing the majority of products of this kind, plastics are 
utilized in the form of molding compounds, often called molding powders, 
which are intimate mixtures of resins and other materials added to impart 
certain desirable })hysical properties, to facilitate molding operations, or 
to reduce cost. Ordinarily a molding powder is a granular mass of par- 
ticle size varying from that of a fine talcum powder to pieces as large as 
peas. Where the nature of the filler permits, compression molding com- 
pounds are relatively fine. Usually they will pass through a 14 mesh screen 
although long fiber fillers and chopped fabric oblige greater coarseness. 
Injection molding compounds are much larger in particle size, beifig 
called 3/16 inch granules. 
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Numerous finishing operations which will not be discussed in this text 
are applied to molded articles after removal from the die. Elimination 
of flash or fins from compression molded articles and of sprue, runners, 
and gates from injection molded pieces is carried out in several ways, 
often with the use of tumbling barrels in the case of small objects. Buffing 
and polishing, etching, sand-blasting, grinding, machining, cementing, and 
mechanical attachment of various molded parts are operations important 
to the fabricator of finished plastic objects. The surfaces of molded plas- 
tics are also sometimes altered by such processes as painting or electro- 
plating. 

Molding of Thermosetting Plastics 

A thermosetting resin is one which, upon heating, softens or perhaps 
melts, but upon further heating develops a complex, cross-linked, tridi- 
mensional structure and solidifies to a hard, insoluble, infusible mass that 
no longer softens appreciably below its temperature of decomposition. 
Because of this behavior, such a plastic can be shaped by filling a suit- 
able mold with powder, closing while simultaneously applying heat and 
pressure, and finally releasing the pressure after a sufficient length of 
time has elapsed to set or cure it chemically. Thermosetting resins can 
be ejected from a hot mold, after curing, without fear of serious distor- 
tion if reasonable care in handling is exercised for a few minutes after 
removal. This fact permits rapid molding and was one of the factors 
accounting for the popularity of thermosetting resins in preference to 
thermoplastics before the development of injection molding methods. 

The practical value of a thermosetting resin is determined not only by 
the physical and chemical properties of the finished plastic and its cost, 
but also by the time and temperature required for cure and by the 
ease with which it flows in the mold to give faithful reproduction of minute 
detail without blemish. Depending upon the size and shape of the article 
to be produced, most thermosetting plastics are cured in 30 seconds to 
12 minutes. Pressure is employed in order to make the semi-fluid mass 
conform quickly and accurately to the shape of the mold in which it is 
set and to hold the shape during the curing reaction when gases and 
water vapor form inside the piece. If this reaction is not comideted under 
pressure, .blemishes will form. In the latter respect, esi)ecially, high- 
pressure molding differs markedly from low-pressure techniques in which 
non-gassing resins are utilized. This introduces other conditions which 
thermosetting resins must fulfill in order to serve as components of mold- 
ing powders: they must cure well and quickly under pressure and should 
not require cooling in the mold. In some instances, thermosetting resins 
decompose where heated in a confined space. Such behavior is particu- 
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larly characteristic of the alkyds — ^resins which are extremely valuable, 
however, in surface coatings. Obviously such decomposition rules them 
out for use in molding powders. In other cases, as with the ureas, free- 
flowing properties are not fully developed by heat alone, and pressure must 
be applied throughout the molding cycle in order to obtain sufiBcient fluid- 
ity to yield perfect moldings. 

Properly cured thcrmoset plastics are insoluble in common solvents. 
By comparison with thermoplastics they are resistant to heat. Hence, save 
for warpage and effects of weathering and aging, they will retain their 
shape indefinitely and are not altered by atmospheric temperature fluctu- 
ations. Nevertheless, although properly designed articles molded from 
thermosetting resins are dimensionally relatively stable, they are by no 
means warp-proof. Warpage may be caused by gradual release of strains 
molded in during the process of fabrication (principally due to the pres- 
ence of unequal cross-sections), by change in the moisture content of the 
molded article resulting from moisture initially present in the molding 
powder, by fluctuation of the humidity of the atmosphere to which the 
article is exposed, and by gradual and progressive chemical change of an 
incompletely cured article. The first of these causes of warpage can be 
minimized by care in designing and molding and, to some extent, by 
subsequent heat-treatment. The second factor can be eliminated by care 
in storage and by pre-heating the molding powder before fabrication. The 
third effect must be considered in selecting the right kind of plastic for 
a given job. The fourth cause of warpage listed above can be easily 
eliminated by careful control of the molding cycle. There may, at times, 
be a temptation for a custom molder to undercure moldings in his own 
best interests for the sake of minimum cycles and maximum production 
volume, but this practice is often false economy because of subsequent 
warpage. Heat treatment after molding advances the resin farther into 
the C-stage and thus also helps to eliminate warpage caused by inade- 
quate cure. 

Preparation of Molding Compounds. There are three commercially 
important types of thermosetting resins currently available as molding 
powders — ^the phenolics, ureas, and melamines. They are manufactured 
by reacting a phenol, urea, or melamine, respectively, with formaldehyde. 
There is no clean-cut point at which these reactions can be stopped with 
assurance that the products have been advanced to the same state of resin- 
ification from batch to batch and are at the proper point for fabrication 
of molding compound of certain standard specifications, so that the arts 
of reaction control and batch mixing are important for the establishment 
of uniformity of manufactured products. 

After preparation of the resin itself, other ingredients of the molding 
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compound are mechanically combined therewith, either on a rubber mill 
or in a ball mill as a dry mix. Careful control is maintained over each 
batch, usually by means of sample moldings, in order to preserve uni- 
form flow characteristics. After the materials are sufficiently mixed on 
the rolls to insure homogeneity, the material removed therefrom is chopped 
in a hammer mill or other attrition device and a large number of batches 
are blended together in a suitable machine. The final product of the 
blender is used for molding or pre-forming purposes. 

Almost all commercial molding compounds of the thermosetting cate- 
gory are mixtures of synthetic resins with fillers, coloring materials (usu- 
ally pigments), and small amounts of other substances which may com- 
I)lete or hasten cure, or which may lubricate the mold or material thus 
facilitating removal of the finished article. Thermosetting molding pow- 
ders rarely contain much over 50 per cent of resin. The remainder con- 
sists of 40-45 per cent filler, up to 5 per cent coloring matter, and up to 
1 i)cr cent mold lubricant. 

The utilization of fillers in the manufacture of molding compounds 
often reduces the cost of the latter, but it may at times increase it. Econ- 
omy is never the sole objective. Fillers always improve one or more prop- 
erties of the finished molded plastic. In the case of the phenolics, the 
most common filler is finely divided wood flour. Cotton flock, mica, as- 
bestos, and numerous other products are used for special purposes. Puri- 
fied alpha cellulose is an essential filler for the ureas. 

Thermosetting molding compounds are usually sold, ready made, by 
plastics manufacturers to custom molders. The latter then fabricate the 
finished shai)ed articles by one of three general methods; (1) Compression 
molding. (2) Transfer molding. (3) Jet molding. 

Compression Molding. Compression molding is the oldest and most 
common method. In this process, the female portion of the mold is filled 
with approximately tlie necessary amount of molding powder, closed with 
the male portion, and the molding operation effected in a hydraulic press 
under elevated heat and pressure. General conditions used to compres- 
sion mold the three main types of commercial thermosetting plastics are 
as follows: 


• Plastic 

Phenolica 

Ureas 

Melamines 


Compression Molding 
Pressure 
(lbs per sq in) 

2000-8000 

ir>oo-60oo 

1500-0000 


Com^ession Molding 
^mperature 
CF) 

280-360 

290-325 

300-330 


Molding is carried out by hand operated, semi-automatic, or fully auto- 
matic presses, depending upon the equipment at hand, the nature of the 
article to be made, and the number of units per day required by the pro- 
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duction schedule. Regardless of the type of press, the same series of 
operations must be carried out, either by hand or automatically. The 
mold is loaded, closed, held under pressure at the required temperature 
for the necessary length of time, then opened, the piece removed from the 
mold, and the latter blown out ready for repetition of the cycle. Often 



Figure 12. Seventy-five ton semi-automatic 
press with positive mold. 


Courtesy Boonton Molding Co, 


it is desirable to breathe, i.e., close the heated mold momentarily and 
then reopen it to allow escape of any occluded gas before it is finally 
closed and held shut for the length of time required to cure the plastic. 
In precision operations, the mold is sometimes cooled before removal of 
the finished article to insure good dimensional tolerance and stability. 

In fully automatic machines, molding powder is dumped into a hop- 
per at the top and the molded articles come out at the bottom, all opera- 
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tions following each other in the necessary sequence by mechanical con- 
trol. Bottle caps, ash trays, and simple electrical parts, for example, 
produced in large volume without metal inserts are usually molded in 
automatic machines. The use of metal insert-s ordinarily requires hand 



DIMENSION IN INCHES 

Courtesy Wcstinghouse Elcctrtc & Manufacturing 

Figure 13. Tolerances for molded phenoplasts 


assembly in the mold, hence only semi-automatic machines can be used 
in such cases. 

Molding tolerances for phenoplasts are shown in Figure 13. 

Compression Mold Design. Mold design is a matter of extreme im- 
portance, for improper design may lead not only to unsatisfactory per- 
formance of the molded piece, but it may spell the difference between suc- 
cess or failure on a cost-per-part basis. 

Depending upon the complexity of the molded article, the required pro- 
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duction schedule, and the number of presses to be used in meeting it, any 
of several different types of mold design may be used: flash, positive, or 
semi-positive. The cavity may consist of a single piece, or it may be a 
split mold, built up of two or more parts fitting together within an outer 
chase. It may sometimes have additional loose parts within it. It may 
be a single cavity or multiple cavity type. In the latter case, or if several 
molds are to be made of a given design, they may be machined separately, 
often with the aid of a duplicator, or they may be bobbed, in which case 



(o) Mold cavity, (b) Overflow or ‘Mand” area, (r) Coring for steam heat. 
(d) Guide pins to prevent shifting in relative positions of top or force plaU' and 
bottom or cavity plate. 


a master is first produced, in the form of the finished piece, of esj)ecially 
high-grade* tool steel. Duplicate dies are then subsequently hobbed in 
machine steel and case-hardened. 

The fundamental differences between flash, semi-positive, and positive 
molds are illustrated in Figures 14 to 16. The design of a mold of each 
of these three types is shown in the order given, the article being similarly 
shaped in each case. 

Many minor variations of each of these types are used and designated 
by special diemakers’ terms. 

In the flash type mold, an excess of material, usually some 3 per cent, 
is charged into the cavity and, upon closing, is squeezed out as horizontal 
flash. Once the mold is completely closed, its contents are no longer 
under positive pressure. In the positive mold, on the other hand, continu- 
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Courtesy Plaskon Division, L. — O. — F. Class Co'.^^ 
Figure 16. Positive mold. 

(o) Mold cavity. (6) Vertical flash, (c) Coring for steam heat, id) Guide pin. 
(e) Land. 
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ous positive pressure is applied as long as the mold is closed. Such a mold 
requires accurate weighing of the charge unless a loose fit between plunger 
and cavity allows excess vertical flash and the plunger is landed by out- 
side stops. 

The semi-positive mold is a combination of flash and positive types, 
so that positive pressure is maintained without the necessity for such ac- 
curate weighing. 

The design of an article to be molded from a plastic and the construc- 
tion of a suitable mold are highly technical problems requiring the atten- 
tion of an engineer or draftsman thoroughly conversant with molding 
technique. A prospective customer should never attempt completion of 
the design of a molded article without consulting his molder's engineers. 
It is, for example, only rarely possible to reproduce exactly in plastics 
the shape of an article formerly made of metal. Square corners should 
be avoided to prevent sticking to the mold and nicking of the finished 
article upon removal therefrom. Taper of wall thickness in articles of 
long draft is desirable in order to keep the plastic constantly under pres- 
sure as it flows upward into zones of restricted cross-section. Undercuts 
should be avoided, for although they can occasionally be introduced by 
use of a split mold, such molds are often impractical and exhorbitantly 
expensive to manufacture and use, because they require hand assembly 
in each molding cycle. The cross-sectional thickness should be main- 
tained as nearly uniform as possible throughout the piece. This makes 
for better flow and homogeneity of composition and cure. Thin sections, 
less than about 0.05 inch, should be avoided in order to prevent warpage. 
When the molded article will be subjected to shock or vibration, or when 
high dimensional stability is required, ribbed reinforcements may be nec- 
essary for proper design. 

Metal inserts are frequently used in combination with molded plastics. 
In compression molding their use is limited by the desirability of aligning 
them in such a way that their axes will be parallel to the direction of 
molding, i.e., at right angles to the surface of the press platens. This 
provision is frequently necessary in order to avoid displacement during 
molding. 

Construction of molds for consumer goods to be made of plastics often 
permits advantageous use of modem theories of functional and stream- 
line design which not only facilitates molding, but also enhances eye- 
appeal at the point of sales. Hence, it is frequently desirable for a pro- 
spective plastics user to draw upon the services of an industrial designer. 

In planning a mold for a given plastic, it is essential to know the bulk 
factor of the molding powder to be used, that is to say, it is necessary 
to know what volume decrease will occur during molding. The term 




Courtesy Pittsburgh Equitable Meter Dtv., Rockwell Mfg. Co. 


Figure 17. Hand-operated compression mold, (left to right) Pin-plate, cavity, 

and plunger. 
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bulk factor signifies the ratio of the volume of molding compound to that 
of molded article produced therefrom. This value differs from one mold- 
ing compound to another, even of similar plastics. 

Another factor which must be known in order to design a mold for a 
given plastic is the amount which the latter will contract in cooling to 
room temperature after removal from the hot mold. Both bulk and 



shrinkage factors are reimrted by plastics manufacturers for their vari- 
ous products. 

Many molding powders are produced in several degrees of plasticity; 
the lower the plasticity, the higher the temperature and [)rcssure re- 
quired and the more rapid the cure. Low plasticity molding compounds 
give the highest quality moldings at the greatest possible rate of pro- 
duction, but they cannot always be used, for the design of the article to 
be molded influences the selection of plasticity of molding compound. In 
general, the larger the article, the longer the draft, and the thicker the 
piece, the greater must be its plasticity. 

Average molding conditions for the three main classes of thermoset- 
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ting resins have been given above. In ord6r to withstand the pressures 
required and at the same time afford a polished die surface which will 
not be blemished by repeated use, it is essential to machine the molds 
from high grade tool steel, to surface harden them, or to chromium 
plate them. The selection of suitable alloys and hardening methods is a 
matter requiring care and experience on the part of the molder. 



Courtesy Bakelite Corp. 

Figure 20. Feeding phenolic molding powder to hopper 
of rotary preforming machine. 


Tableting and Preforming, In compression operations, recourse is often 
had to tableting and preforming in order to speed up molding. These 
expedients are well defined by their names. Molding powder is com- 
pressed at room temperature into the form of more dense tablets or larger 
pills or preforms. In some cases, as with chopped impregnated duck, the 
preform may approximate the final shape. Tablets and preforms fit freely 
inside the mold ultimately employed. The bulk factor of a molding pow- 
der may be more than halved by such methods. The purpose of preform- 
ing is. usually three-fold: accuracy of weight, cheapness of creating tH^t 
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weight, and ease of handling. The ease with which tableting and pre- 
forming can be carried out depends largely upon the nature of the resin, 
the type of filler, and the temperature. It is often unsuccessful where 
chilled, or even at room temperature. 

The character of the filler is especially important. Wood flour and 
powdered mica facilitate automatic preforming. Pulp-resin innovations, 
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Courtesy Tiw Girdler Cotp. 

Figure 21. “Thermex” high frequency dielectric heating unit em- 
ployed in curing plywood cylindci-s. 

especially in the case of phenolic resins, have made practicable the pre- 
forming of certain types of materials filled with long fibers, especially 
kraft pulp. The resin and pulp are mixed in an aqueous slurry. Suction 
is then applied, often through a wire mesh of the desired shape. Preforms 
are thus formed over the mesh directly from the slurry in much the same 
manner and, indeed, by one manufacturer with the same equipment as is 
utilized in the fabrication of paper pie-plates. After drying, the prefonns 
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are ready for molding. Both shaped articles and flat boards can be made 
in this way. The latter can subsequently be molded into simple shapes 
or used as reinforcing inserts in compression molded articles. 

Long fiber fillers and chopped fabric are particularly difficult to pre- 
form and often require hand manipulation. In such cases, the material 
is weighed out by hand and compressed in a single cavity mold installed 
in an air press for the sake of rapidity. 

Electronic Preheating, In compression molding, considerable time can 
be saved by preheating the molding powder or ])reforms. A very impor- 



Courtesy The Gtrdler Corp, 

Figure 22. Use of “Thermex*^ hi^h frequency preheat- 
ing equipment in plastics molding. 


tant advance in preheating technique has been developed by the use of 
dielectric heating, also known under such names as electronic or ^^Heat- 
ronic/^ preheating. Several different manufacturers now produce equip- 
ment for carrying out this operation which has the great advantage of 
bringing the entire mass of the preform close to the molding temperature 
so quickly that little curing is begun. Much thicker pieces can thus be 
molded than by ordinary compression methods, for the entire body of the 
plastic is uniformly heated. The time required for heating in the mold is 
substantially reduced. Moreover, the danger of overcure of thin sections 
and undercure of thick ones is largely eliminated and articles of varying 
cross-sectional thickness can be safely produced. Because of these three 
factors, the versatility of compression molding has been greatly broad- 
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ened by the introduction of electronic preheating (see Figure 52, Chap- 
ter 6). 

Transfer Molding. By far the greatest amount of molding of thermo- 
setting plastics is done by conventional compression methods. During 
the past decade, however, another technique known as transfer molding 
has been developed. It was pioneered by the Shaw Insulator Company. 
To a certain extent it can be thought of as a combination of techniques 
of compression and injection molding. In transfer molding, a powder of 
especially high plasticity and, hence, of relatively long curing time and 
good flow characteristics, is heated or ^‘plasticized’^ in an exterior cham- 
ber before it enters the mold. After the powder is heated sufficiently to 
become semi-fluid, it is forced through an orifice into a closed, heated mold 
where curing is completed by continued application of heat and pressure 
for the recpiisite length of time. 

Tho plasticizing cliamber is incorporated as a supplementary cavity in 
tlic U])per part of the mold above the die. It is provided with its own 
force plug, while the mold itself is held closed throughout the operation. 
In molding, the powder is fed into the cavity in the upper part of the 
mold which is supported on the lower platen of a vertical hydraulic press 
of the kind used for compression molding. The molding compound is first 
heated until semi-fluid, then forced through one or more orifices in the 
bottom of the plasticizing chamber into the lower mold. Upon comple- 
tion of the curing cycle, the mold is opened, the article removed, and the 
gate and sprue broken off and discarded. The mold is then closed again 
and the cycle repeated. The plasticizing chamber, therefore, has to be 
loaded by opening the press in each cycle. This constitutes an important 
difference from injection molding, as will be seen in the next section. The 
pressure used in transfer molding is usually much greater than in strict 
compression operations and may reach 10,000 pounds per square inch. 
Figure 23 illustrates the fundamental principles involved in transfer 
molding. 

Transfer Mold Design, The design of the mold for transfer operations 
differs somewhat from that for compression molding. It must be provided 
not only with an upper plasticizing cavity, but since it is held closed 
throughout the molding cycle, it must be equipped with a satisfactory 
sprue through which the semi-fluid plastic mass can enter and, if more 
than one cavity is to be made, it must bear runners connecting them so 
as to assure uniform distribution of plastic. Particularly good heat distri- 
bution is essential throughout the mold and plasticizing chamber, other- 
wise over-curing may occur in the orifice with consequent jamming. The 
mold must be equipped with suitable knockout pins and with holes or pins 
to maintain any specified inserts in position. Some material remains 
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behind in the plasticizing chamber so that provision must be made for 
its removal. 

The principal advantage of transfer molding is the opportunity it 
affords of molding especially complicated shapes, often with split molds, 
and of utilizing complex inserts. The plastic is already converted to the 
form of a heavy paste before it enters the mold cavity. Hence the insert 
is subject to hydraulic pressure, equal on all sides, until the mold is full 



Figure 23. Diagrammatic sketch of principles involved 
m transfer molding process. 

and the insert is supported uniformly. If inserts are sufficiently firmly 
emplaced to avoid displacement by the surge and swirl of plastic within 
the die, there is no directional tendency for them to be displaced, regard- 
less of their shape or position in the mold. .This is a very different situation 
frpm that which exists in compression molding, where unevenly distrib- 
uted solid pressure is exerted against inserts by unheated, hard chunks 
of molding powder during the earl^ stages of the operation. In compres- 
sion molding, the axis of inserts is therefore preferably parallel to the 
direction of molding. If cross-inserts are molded by compression, more 
care must be exercised in applying pressure. Mold costs for transfer 
operations are frequently less than for compression molding. 
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Finishing costs are also often lower, although the necessity of discard- 
ing the cured sprue and residue in the plasticizing chamber may result 
in greater materials cost than in compression operations. 

Improvement of physical propertiel^ is made through transfer molding 



Courtesy Boonton Molding Co. 


Figure 24. Single cavity transfer type hand mold — 
complicated piece. 

by virtue of more thorough and uniform heating of the plastic. This is 
particularly true of molded pieces of more than ^/4 inch thickness. 

Jet Molding. The most recently developed method of molding thermo- 
setting plastics is known as jet molding. This operation is truly an 
adaptation of injection methods to the handling of heat-curable resins. 
The fundamental principle is ‘‘plasticization^^ or softening of the material 
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to be molded in an exterior chamber from which it is ejected by means of 
a moving plunger into a closed mold held at a sufficiently high temperature 
to bring about cure. Jet molding differs from injection molding, described 
later, mainly in details. As just mentioned, the mold temperature is high 
enough to effect cure of the resin. In order to permit ejection of filled 
plastics, even including chopped fabric filled materials, the torpedo, or 
spreader, located within the plasticizing chamber of injection molding ma- 
chines is eliminated from the jet molding heater. In contrast to the injec- 

TCMFERATUIIC RANGE FOR STANDARD THERMOPLASTIC MOLDING 
PaVSTYRENE - 350*F TO 530*F 



Figure 20. Typical mjcclioii molding nozzle principle UM'd for thermoplufelic material.^. 


tion molding; process, also, the nozzle of jet molding equipment is so 
arranged that it win be alternately lieated to a high tenqierature and then 
cooled with water. Thus, while material is entering the die, it is brought to 
a high temperature, but immediately after filling, the residual plastic in 
the nozzle is cooled to jircvent curing and jamming of the orifice. Tlie 
l)lunger of the jet molding machine is also ccpiipped for water cooling in 
order to obviate scoring which might otherwise result from the close toler- 
ances required. Special design of the runners and gates of the molds in- 
sures turbulent flow of plastic passing through them. Jet molding is adapt- 
able to almost all types of thermosetting plastics and is being w^atched 
closely by the plastics industry. Figure 25 illustrates the fundamental 
principles of jet molding units and should be compared with Figure 26 
showing conventional equipment used for injection molding of thermo- 
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plastics. Most injection molding machines can be converted to jet molding 
operations. 

It should be added that jet molding is a tricky operation, at best, in 
its present state of development. Other objections to the process include 
limitations it imposes as to i)iece types, the high cost of slugs in proportion 
to usable material, and the relatively great investment in equipment as 
compared with transfer or compression molding. 

Molding of Thermoplastics 

A thermoplastic is a resinous material which, upon heating, softens or 
melts and remains in this condition until cooled. This operation can be 
repeated as often as desired with little or no alteration of its chemical 
or physical properties. In molding thermoplastics, therefore, it%is neces- 
sary to retain the finished piece in the mold until it has cooled to such a 
temperature that it will no longer change shape when removed. If handled 
in a compression mold, tliis obviously requires alternate heating and cool- 
ing in every cycle, resulting in a prohibitive length of time to complete a 
single molding of complicated shape. Hence, for most purposes except the 
forming of very large articles, compression molding of thermoplastics is 
impractical and until another way of handling these materials was devel- 
oped they were unsuitable for mass production molding operations and 
were not widely used therein. The evolution of injection molding has 
changed this situation radically. 

Preparation of Molding Compounds. For custom molding opera- 
tions, thermoplastics, like thermosetting materials, are first converted into 
molding powders by the plastics manufacturer before they can be fed into 
the press of the custom molder. The particular way in which a thermo- 
plastic is made into a molding powder varies with its chemical nature. 
The older materials all required addition of plasticizers in order to flow 
satisfactorily on molding. Addition of plasticizers not only serves to make 
thermoplastics more amenable to mechanical manipulation, but it also 
toughens them and frequently imparts other desirable characteristics such 
as water-resistance and non-flammability. A plasticizer is essentially a 
high-boiling, non-volatile organic compound of relatively low molecular 
weight which can be admixed with a thermoplastic to improve one or more 
physical properties. While the majority of plasticizers used today are 
liquids, a few like camphor, some of the '^Aroclors^^ or chlorinated bi- 
phenyls, and diphenyl phthalate arc solids. Although a vast amount of 
work has been done in an effort to systematize our knowledge of plasti- 
cizers, no very clear relationships have as yet been shown between their 
chemical nature and their plasticizing effect. In selecting a plasticizer, 
it is often necessary to know the particular set of conditions to which the 
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finished object will be subjected. By adjusting the chemical nature of the 
plasticizer and the amount employed, the softening point of a given ther- 
moplastic, its flow characteristics, and other properties can be varied 
throughout a wide range. Dibutyl phthalate, camphor, and triphenyl- 
and tricrcsyl-phosphates are common plasticizers, although they are not 
universally applicable by any manner of means and numerous other com- 
pounds, some of which will be mentioned later, are also employed. 

Some of the most widely used thermoplastic molding compounds are 
based on cellulose acetate. Cellulose acetate butyrate has been received 
with much favor also, while ethyl cellulose is another important member 
of the family of cellulose plastics. All three of these resins arc combined 
with from 10 to 30 per cent of plasticizer for molding puri)oses. Once 
the resin itself is manufactured by chemical conversion of cellulose, it is 
admixed with a suitable plasticizer in the desired amount and kneaded 
until homogeneous. While dry mixing can often be em])loyed, the opera- 
tion may sometimes be facilitated in order to insure homogeneity of the 
product and to avoid overloading of the kneading machine by addition 
of a limited amount of volatile solvent so that a heavy dough is formed. 
Acetone is employed in many cases. Once the materials arc well mixed, 
they are strained by forcing through a wire sieve under pressures of a 
thousand pounds per square inch or more, in order to remove dirt particles. 
The strained product is aged in the case of the acetate and acetate buty- 
rate, and the solvent evaporated, preferably with the aid of vacuum. The 
plastic mass, containing only i)lasticizer or, at most, but a small amount 
of residual solvent, is then further mixed on a mill to assure complete 
homogeneity. Dyes and pigments, if required, can be added at this stage. 
The milled product is finally chopped into a molding powder of suitable 
particle size. In both kneading and milling operations, a slight degree of 
warming is desirable to facilitate satisfactory mixing of the ingredients. 

Cellulose derivatives enjoy a large volume of business as thermoplastic 
molding compounds, but there arc also a number of other plastics of 
recent origin which have ra])idly gained favor. Some of them like poly- 
vinylidene chloride, also require the use of plasticizers in order to obtain 
free-flowing characteristics, but others, notably the methacrylates and 
polystyrene, may be converted to molding powders by granulation of the 
plastic material without addition of any plasticizer. In such cases, fillers 
and coloring materials may, if desired, be mixed with the plastic before 
grinding or even before polymerization. 

Many applications of thermoplastic molding compounds are feasible 
because of the clarity of these materials. The methacrylates excel in this 
property. Polystyrene is nearly, although not quite as good, while cellulose 
acetate and acetate butyrate come third. In the case of these latter 



86 


CHEMISTRY OF COMMERCIAL PLASTICS 


materials, it is customary to add a vcrj^ small amount of light blue dye 
to the molding powder so as to neutralize the natural yellow tint of the 
molded objects. Indeed, it is usually possible to distinguish a transparent 
cellulosic i)lastic by the faint blue tinge detectable when it is viewed in 
depth. Bright colors can be imparted to most thermoplastics by selection 
of suitable dyes or pigments and, in the case of cellulosic plastics, mottled 
effects can be obtained by mixing variously colored molding powders of 
the same plastic, but of different degrees of plasticity. 

Injection Molding. Injection molding is the favored method of han- 
dling thermoplastic molding compounds. In this operation, molding 
powder is fed from a hopper into a heating cylinder where it is heated 
in an annular ring about Vt inch in thickness. Both the cylinder and 
internal torpedo or spreader are streamlined in order to facilitate flow of 
the softened plastic out through the nozzle. Heating is carried out by 
induction, resistance, or circulating fluid. Once raised to the proper tem- 
perature for molding, the semi-fluid plastic is forced out of the heating 
cylinder by means of a plunger, actuated by hydraulic pressure, into the 
mold which is held against the nozzle by mechanical and hydraulic means. 
The mold is designed in such a w’ay that the plastic flows first through a 
sprue, then outward through runners and gates into the cavities. A slug 
well is provided as an extension of the sprue in order to catch the first 
shot of i)lastic remaining in the nozzle of the machine from the previous 
run. Being somewhat cooler than the main body of ejected plastic, this 
material might otherwise enter the runners and clog them before the 
cavities could be filled. The size of the slug well dej^ends upon the design 
of the rest of the mold and u})on the nature of the plastic. Depending 
upon the size of the article to be molded and the capacity of the machine, 
the mold may have one or many cavities. The mold is closed before the 
plastic is injected into it and is provided with means for heating and 
cooling. When the plastic is run in, it should be at a temperature suffi- 
cient to allow i)assage of the material into all parts of the die, but it must 
be cooled before opening to such a temperature that the shaped object 
will not distort upon removal. The pressures used in injection molding arc 
much higher than those required for compression operations, running from 
3000 to 30,000 pounds per square inch, although much of this excessive 
pressure is dissipated by the friction of passage through the cylinder, 
sprue, runners, and gates before the material enters the cavities. Injection 
molding temperatures vary with the resin and with its plasticizer content, 
but generally range from 280 to 440^ F. The fundamental principles in- 
volved in injection molding are illustrated by Figures 26 to 29. 

Several different injection molding machines are manufactured in 
which mechanical details vary. Their capacity was limited to about an 
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ounce when they were first introduced early in the ’thirties, but rapid 
strides in their development haye increased maximum capacity to 36 
ounces in some cases, although the maximum of a single cylinder machine 



Figure 28a. Glass camera lenses 
with injection-molded cellulose ace- 
tate' rims, gates and runners attached. 


Courtesy Efir Resistor Corp. 



Courtesy General Aniline & Film Corp, 


Figure 28b. Injection-molded polyvinylcarbazole 
combs, runners and sprue attached. Cold slug is visible 
below sprue. 


is 16 ounces. Because the mold can be held at a temperature much below 
that of the heating chamber, rapid molding cycles can be maintained and 
this type of operation has been developed as an ideal method of mass 



Courtesy Santay Corp. 


Figure 29. Injection-molded fire extinguisher parts with sprue, runners, 
and gates attached (above). Corresponding mold (below). 


ment panels and glove compartment doors, can be plastic-coated by this 
means. 

Because the mold is held closed while the plastic is injected into it 
from the heating cylinder, mold design differs markedly from that used 
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in coraprespion operations. Injection molds arc classified on the basis of 
the device employed to eject the finished plastic after opening. If pins 
only are used, it is known as an ejector pin type. If markings left by 



Couttesy Monsanto Chemical Co. 

Figure 30. Injection molding machine. 



Courtesy Boonton Molding Co, 
Figure 31. Battery of injection molding presses. 


ejector pins cannot be tolerated, an even pressure must be applied across 
the entire rear surface of the molding by means of a stripper plate, and 
the mold is known by this name. Loose bar type molds which can be 
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removed from the injection molding machine and opened manually on the 
bench are occasionally necessary where the object cannot be removed 
from the mold by pressure exerted in the direction of travel of the press. 

A recent development in the technique of injection molding feeds plastic 
from a single injection machine into molds retained in several individual 
compression presses which can be rapidly and consecutively aligned with 
the nozzle of the heating cylinder. 

Laminated Shapes 

The resistance to shock of many molded plastics leaves much to be 
desired. For many purposes this may be of relatively little importance, 
but in other cases, where industrial or architectural applications are 
involved, it can be a serious factor. By utilizing a filler in the form of 
a coherent, strong sheet, rather than a powder, it is possible to increase 
all of the strength characteristics of molded plastics. The use of a lamellar 
filler, however, places restrictions upon fabricating processes and the 
shapes obtainable therewith. Sheet, rods, and tubes are the principal 
forms made of high-pressure laminated plastics. Simple curvatures have 
been introduced into a limited number of large articles such as refrigerator 
door panels and serving trays. Standard sizes of phenolic-laminated bear- 
ings are also molded by some manufacturers, while, by combination of 
chopped duck and impregnated fabric, the production of relatively simi)le 
molded-laminated pulleys for airplane service has become an important 
business in recent years. Certain manufacturers produce special shapes, 
such as channels and angles, in one-piece molds up to seven feet in length. 
Baseboards, angles, corner nosings, window sills, and decorative trim have 
been produced from laminated plastics in molds permitting application 
of jiressure from four directions. Such odd sha])es, however, represent only 
a very small portion of the total laminated jilastic business. 

Phenolics are by far the most common plastics used for laminating 
purposes. Ureas and melamines are employed to a less extent, particularly 
in the fabrication of surface sheets for decorative applications. Inasmuch 
as the purpose of lamination is ordinarily to provide a structurally strong 
piece, able ^Ho take it,’^ thermoplastics are not often used as a resinous 
binder, their lack of heat-resistance being an objectionable feature in 
many applications. This is not always true, however, and there have been 
a few places where laminated thermoplastics have proved themselves 
especially suited to the job. Outstanding have been shrapnel-proof breast- 
plates for A.R.P. suits and wood-veneer laminates for decorative uses. 

In the manufacture of laminated plastics, the first step is impregnation 
of the sheet filler. For this purpose, the paper or cloth is wound up on a 
roll and passed through a resin solution of carefully controlled concentra- 
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tion. The sheet may subsequently be allowed to drain or the resin may 
be scraped from the surface by a doctor knife. In some cases, the plastic 
solution is applied by means of rollers. In any event, the impregnated 
sheet is then passed through a drier, either vertical or horizontal, and the 
solvent evaporated. Depending upon the ratio of resin to filler desired, 



Courtesy Westinghouse Electric & Mfg. Co, 

Figure 32. Vertical treating towers for impregnating and drying cloth 
in manufacture of phenolic laminates. 


the impregnated sheet may then be given another, or even a third similar 
treatment. As the impregnated sheet comes out from the drier, it is wound 
up on a roll at the exit side. For phenolic laminated material, alcohol is 
the customary solvent. It is added to the resin in the kettle immediately 
after resinification and vacuum removal of water. 

The resin concentration is carefully controlled in order to maintain 
uniform impregnation conditions. Other factors of importance include the 
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rate of impregnation and uniformity of thickness of filler. Any uneven- 
ness in thickness may result in spots of unimpregnated filler which will 
weaken the finished structure and alter its mechanical, chemical, and 
electrical properties. 

The dried impregnated material is then cut into sheets for laminating 
or rolled around mandrels for the production of rods or tubes. The filler 
and impregnating solution are so carefully balanced that it is possible to 



Courtesy IVesting house Electric & Mfg. Co. 


Figure 33. Horizontal impregnating machine used in manufacture of 
phenolic laminates. The cloth is subsequently dried by infra-red. 

weigh out a given quantity of sheets, cut to standard size, and be certain 
that the finished laminated product will possess a given thickness within 
slight tolerance limits. The sheets arc superimposed upon each other and 
transferred to a laminating press, usually provided with many heated 
platens so that a large number of laminates can be made at a single 
time. Molding is carried out between polished steel plates, using pressures 
in the order of 1000 to 3000 pounds per square inch and temperatures of 
276 to 350*^ F. 

Laminated sheet is made up to 10 inches or more in thickness. Sheets 
vary in size, depending upon the area of the press platens. They are 
usually at least 36 inches square. Because of the large bulk of plastic 
and its poor thermal conductivity characteristics, it requires a much longer 


94 CHEMISTRY OF COMMERCIAL PLASTICS 

time to cure laminated plastics than to compression mold a powder. With 
a molding pressure of about 1000 pounds per square inch and a tempera- 
ture of about 330® F, it is necessary to allow one hour in the press for 
every inch of thickness of the finished sheet. In addition to this, the 
pressure must not be released until the platens have been cooled and the 
body of plastic has been brought to a temperature sufficiently low that 



Courtesy Westinghousc Elccttic & Mfa. Co. 


Figure 31 . Hydraulic prc&s used in the manufacture of phenolic laminates. 

it will not blow or blister upon release of pressure. This precaution does 
not have to be observed in compression molding powders and it adds 
considerably to the expense of laminates. It may take from 25 to 30 
minutes to heat a sheet ^ inch thick to molding temperature. It will 
then require approximately H hour to cure it. Finally, from 25 to 30 
minutes are needed to cool it to such a point that it can be removed 
safely. The total cycle for a laminate of this thickness is thus about 
1% hours. 

The sheet material used as filler in the manufacture of laminated plas- 
tics may be any grade of paper, cloth, or other textile, as well as wood 
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veneer. The most common materials are kraft paper, cotton fabrics — ^both 
fine weave and heavy-“Wood veneer for so-called compregnated wood or 
“Compreg,” asbestos paper, and asbestos fabric, the last sometimes re- 
inforced with metal wire. For special applications, rayon and glass fiber 
fabric may be used. Although “Fiberglas” is an expensive base, it imparts 
exceptional strength characteristics to laminates produced therefrom. 



CoHftcsy H'cstiftghousc Elect/ ic & Mfg. Co. 

Figure 36. Rolling impregnated cloth into tubes in manufacture 
of phenolic laminates. 


High-strength paper of the Mitscherlich type has also been developed as 
a base for laminated plastics of superior physical characteristics. The 
nature of the laminated product is at times improved by incorporation 
of certain powdered fillers, such as graphite for better frictional properties 
and aluminum oxide for increased hardness. Coloring materials can also 
be added to the resin solution before impregnating. 

In the production of decorative laminates, the top sheet can be printed 
with any desired design, either plain or in color. When the surface is to 
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be white or of a pastel shade, a urea or melamine resin may .be used in 
the top sheet. Metallic inlays on or near the surface are likewise feasible. 

Post-forming of thermoset laminates to simple shapes is a practice in- 
troduced during World War II which is discussed in Chapter 6 under 
laminated phenolics. 

Molded Laminates 

Since the beginning of World War II there has been a great deal of 
interest in the development of low pressure methods of laminating. It has 
been found practicable to use phenolics, ureas, and melamines in this 
manner. Added to these standard types of thermosetting plastics, have 
been a number of newer thermohardening materials such as allyl esters 
of dicarboxylic compounds and copolymerizable mixtures of styrene and 
unsaturated linear alkyds. Some of these resins are cured without the 
use of any pressure at all. Others are hardened with the application of 
pressures ranging from 15 to 200 pounds or more per square inch. Sheet 
material is impregnated with a solution of the resin or with the monomeric 
or partially polymerized material, according to type. Saturated sheets — 
usually cloth or glass fabric — are then laid up against simple and inex- 
pensive forms, preferably metal coated, and the resin is cured with little 
or no pressure, with or without heat, depending upon the nature of the 
resin and the catalyst employed for polymerization. Shaped laminated 
articles can thus be built up, largely by hand. There appears to be no 
limitation as to size of such articles. Strength properties are usually 
excellent. Other characteristics vary with the nature of the resin and 
filler. No-pressure, low-pressure molding methods are further discussed 
in Chapter 19. 

Plywood 

Somewhat related to lamination and to no-pressure, low-pressure mold- 
ing methods are practices used by the manufacturers of resin-bonded 
plywood. Although wood veneer can be impregnated with resin solution 
and pressed into Compreg, already mentioned, or into Impreg which is 
laminated without appreciable compression, much more widely used 
products are manufactured by the customary techniques of plywood 
manufacture in which wood veneers are simply bonded together by means 
of a synthetic resin adhesive. The resin may be applied either from 
solution or by means of a thin intermediate sheet of impregnated, light- 
weight tissue paper. Phenolic and urea resins are widely used in the 
construction of plywood. 

Dielectric methods of heating have proved conspicuously successful in 
bonding and drying plywood. 

So-called ^*bag molding^' methods have been evolved for imparting 
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gentle curvatures to resin-bonded plywood. These processes make use 
of a simple, inexpensive male or female form against which the wood 
veneer is laid out. Pressure is then applied to the other side by means 



Courtesy The Resinous Products & Chemical Co. 


Figure 36. Typical bag-molding method‘s used in tlie 
manufacture of plywood. 1. Molding with vacuum bags. 

A, JSolid wood pilasters to be venc'er faced. B, Vacuum 
exhaust outlet, ll. Molding a half fuselage. A, Rubber bag 
inflated through inlet D with air, steam, or hot water. 

R, Outer steel shell bolted to base E. C, Inside mold 
(metal with .steam pipes or framed wood with slots for rings 
and longerons. III. Molding of sub-assembly parts. M, 

Outer steel tank. N, Sub-assembly inside bag. P, Vent (to 
air or vacuum). Q, Pressure connection for steam. 

IV. Molding with internal bag. T, Outside mold (metal 
or heavy wood frame). U, Cap. V, Inlet (air, steam, or 
hot water). W, Inner rubber bag. 

of a rubber bag which may be forced into position by air pressure, suction, 
or hydraulic pressure. The entire assembly is then heated, usually by 
placing inside an oven or autoclave, and baked until cured. Bag molding 
methods are illustrated in Figure 36. 
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Cast Objects 

Most of the molding operations thus far described require simultaneous 
application of heat and pressure. It is, however, jmssiblc to form some 
plastics by casting in relatively inexpensive molds, curing them without 
the use of pressure by allowing them to stand at room temperature or 
slightly above. 

The most widely used cast plastics arc the methacrylates and phenolics. 
Various low-pressure, no-iirossurc resins arc also gaining in significance. 



Courtesy Catalin Corp. 

Figure 37. Pouring casting phenolic resin into lead molds. 


while a few other plastics such as polystyrene and furfural resins are cast 
in very limited amounts. 

Phenolics are cast by hand pouring the specially prepared, partially 
resinified mass into a mold and allowing it to stand for 2 to 12 days, 
depending upon the temperature and catalyst used. With large castings, 
longer curing times are required. Two-thirds of the cast phenolics pro- 
duced in this country are made with the use of lead alloy molds, cus- 
tomarily lead-antimony. Occasionally lead-tin alloys containing up to 
7 per cent tin may be employed. Molds are made by dipping a steel 
mandrel into a bath of molten alloy. After dipping, the mandrel is with-» 
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drawn, the surface layer of lead allowed to harden, and the latter is then 
stripped from the slightly tapered steel core. After casting, the plastics 
are removed from the lead molds by means of air hammers. The molds 
can be remelted and used over. For more complicated designs, split molds 
are produced with die-casting machines, the halves being provided with 
interlocking joints so that a fluid-tight container is formed upon assembly. 
Undercuts can be produced in cast phenolics by this means. 



Courtesy Catahn Corp 


P'lgure 38. Steel dipping arbor for producing plate castings of phenolic 
resins. Lead mold partially removed. 

In producing cast objects of approximately 15 cubic inches over-all 
volume, or greater, it is possible to utilize cores, thus making practicable 
the production of semi-spherical objects and large hollow shapes. Solid 
cores are most common, but collapsible rubber cores which can be inflated 
during use are also employed. Undercut hollow interiors can thus be 
formed from which the deflated bag can subsequently be removed. Another 
method of making hollow cast objects is* by slushing. In this operation, 
the mold is filled only partially with resin and is rotated in several planes 
during cure so that the resin will harden on the sides of the mold, In this 
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case, as well as when quick resinification is desired to meet production 
schedules, catalysts are added to the phenolic resin to hurry the setting. 
In such instances, however, color is usually affected and the inherent 
brilliance of cast phenolics must be sacrificed. 

While lead molds are customarily used for cast phenolics, other mate- 
rials are also utilized. Glass molds can be employed and broken away 
from the finished object. Rubber molds, made by depositing a rubber 
coating from latex upon a plaster of Paris mold, have met with much 
success in forming objets d'art possessing undercuts and other compli- 
cated shapes. Huge statues as much as feet high have been produced 
from cast phenolics by the use of such molds. 

Cast phenolics must usually be machined and polished after forming 
They work easily, so much so in fact that they have met with great favor 
in home craftsman sets. Because of their easy machinability, it is often 
cheaper to manufacture small quantities of articles by machining from 
standard sheet, rod or tube stock. This practice is followed especially in 
making ladies' costume jewelry, a field in which cast phenolics have 
excelled because of their clarity and brilliance made possible by the 
relatively low temperatures used in curing (usually 175° F or lower). 

Both sheet and rod are stocked by cast phenolic manufacturers, the 
latter being available in round, square, triangular, hexagonal, and octag- 
onal forms, as well as more intricate designs such as scalloped, three-leaf 
clover, and four-leaf clover. Cylinders are also available, as well as 
polished sheets cast between glass plates and spheres cast within hollow 
glass balls. Cast phenolics tend to soften slightly at elevated temperatures, 
so that stock shapes can often be given a desirable curvature by immersing 
in hot water at 180° F and forming in a wooden jig. 

Cast thermoplastics like the methacrylates are made by mechanical 
processes rather different from those just described for the phenolics. A 
substantial reduction in volume, often as much as 20 per cent, may occur 
during potymerization of these materials. Special methods, therefore, 
must be adopted to discount shrinkage in advance. Commercial methods 
of casting methacrylates are described in Chapter 18. Cast rods, 
tubes, and sheets of these resins are available from the resin manufac- 
turers themselves. The clarity of these products exceeds that of molded 
articles made from molding powders of the same materials. Because of 
their thermoplasticity, these standard shapes can be bent or formed by 
gentle heating, a fact of extreme importance in the fabrication of trans- 
parent aircraft enclosures. 

Botanical and entomological specimens can be embedded in cast 
methacrylates by partially polymerizing the monomeric material to a 
syrup before insertion of the specimen. Polymerization may then be 



MECHANICAL MANIPULATION OF PLASTICS.-MOLDING 101 

completed under elevated temperature in an autoclave. Polymerization 
of monomeric material may be carried out at room temperature under 
atmospheric pressure by building up consecutive layers not more than 
% inch in thickness. This process, however, is very slow and involves 
considerable risk of contamination. 

Slush molding is occasionally applied to thermoplastics reduced to a 
paste by admixture with a small amount of solvent which can be re- 
moved by heat or vacuum during the process. 

Extruded Shapes 

For years the metal-working industry has practiced the extrusion of 
brass, aluminum, and allied products. The rubber industry has likewise 
perfected its own technique for extrusion of tubing and numerous other 
endless shapes. In 1890 the first machines were built for continuous 
extrusion of cellulose nitrate plastics. These machines utilized a wet 
process which is still practiced by several large concerns which fabricate 
rods, tubes, bars, and other continuous lengths of cellulose plastics in this 
way. Within the past decade, however, continuous extrusion of thermo- 
plastics has been greatly expanded by perfection of methods of handling 
dry powders. 

Both wet and dry processes utilize the same fundamental principles of 
softening the plastic by heat and feeding it at a uniform and carefully 
controlled rate through a die from which it emerges in a softened state 
which requires hardening, sometimes by a forced draft or water, before 
it is cut into standard lengths or wound up on spools, depending upon the 
shape. Feeding of the plastic to the die is usually accomplished by a 
worm feed, much as in a meat chopper. Occasionally other feeding means 
aro adopted, especially in the older ‘‘stuffing” machines used in some w’et 
extrusion processes. 

For wet extrusion, plastic, plasticizer, and solvent are mixed in appro- 
priate kneading machines, or on mills, the process being usually repeated 
on hot rolls to reduce the final solvent content to the desired point before 
rolled sheets or chopped pieces are fed into the extruder. 

In dry extrusion, the molding powder, usually an especially plasticized 
grade for extrusion, is fed from a hopper at a uniform rate into the feed 
cylinder from which it passes into the heating cylinder and finally out 
through the die. The die is heated and is maintained at a higher tempera- 
ture than the other parts of the equipment. Inasmuch as this process 
utilizes solvent-free molding powder, it is especially important that the 
latter be free from moisture and special drying operations are usually 
conducted prior to extrusion. Small amounts of moisture giye rise to 
surface blisters and lack of lustre. 
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Inasmuch as thermoplastics are still fairly soft when they leave the 
die, the take-off belt may stretch them somewhat as it conveys them away 
from the machine. This sometimes results in formation of a finished 
article somewhat smaller than the die orifice and, at times, of different 
shape. Fortunately extrusion die costs are not as high as those of other 
types of molds, hence it is possible to carry on a limited amount of 



Courtesy Tennessee Eastman Corp, 


Figure 39. “Tenite” is extruded by heat and pressure into continuous 
lengths. Strijjs made by this process are used for woven furniture, wall- 
board molding, linoleum and automobile upholstery trim. 

experimentation to perfect the shape required to yield a given extruded 
form. 

Extruded plastics must often be seasoned before they attain their final, 
stable form. This is especially true of products made by the wet process. 
In the manufacture of tubing to close tolerances, therefore, as in prepara- 
tion of stock for fountain pen barrels, extruded, aged tubing, somewhat 
over-size, is warmed and slipped over a core about which it cools to a 
standard inside diameter. The outside is then ground by centerless grind- 
ing to the required dimensions. 
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Most of the thermoplastics are now extruded in considerable quantities. 
Rods, tubes, and fancy trim are commoni>laee. Some, especially polyvinyl 
chloride, copolymers of vinyl chloride and vinyl acetate, ethyl cellulose, 
and polyethylene are extruded over electrical wire as insulating coatings, 
while such plastics as polyvinyl formal, particularly, arc extruded as 
viscous solutions applied as wire coatings. 

Extrusion of thermosetting resins has only recently been done in this 
country, but it has been carried out abroacl, especially in England, since 
1930. The equipment is necessarily complex since the molding powder 
must be softened, extruded through a die, and set before it leaves the 
machine. Extrusion of both phenolic and urea types, however, has been 
successfully carried out at the rate of about six inches per minute, dupli- 
cator cylinders, curtain roller suspensions, and other objects being manu- 
factured from such extruded stock. Thermosetting plastics can also be 
extruded in curved shapes, provided the radius of curvature is not less 
than fifteen times the diameter of the extruded stock. 

Sheets, Sheeting, and Foil 

Many thermoplastics arc available in the form of sheets, sheeting, or 
foil. The methods which are used to produce these flat shapes vary with 
the nature of the material. Thick sheets arc either molded or cast except 
for cellulose nitrate and acetate which arc formed into sheets by cutting 
off slabs from the mixed material as it comes from the malaxating rolls, 
stacking, and i)ressing. Thin sheets of nitrate, acetate, and certain other 
j>lastics like some of the vinyls are cut from thick blocks by slicing 
machines equipped with a blade capable of accurate adjustment and held 
at an angle to the plane of the table. The latter travels toward the knife. 
Sheets of very close tolerances are obtainable. Standard cellulose nitrate 
sheets are 20 X 50 inches and are available in thicknesses down to 0.003 
inch. 

Continuous sheets of thermoplastics are produced by extrusion of solu- 
tions or doughs through long, slotted openings. Films are made by casting 
resin solutions upon highly polished endless belts or rotating drums from 
which the solvent is either evaporated by heat or upon which the sheet 
material is precipitated by passage through an appropriate bath, as in the 
case of cellophane. The films are subsequently stripped from their sup- 
port and wound up into rolls. 

Still another method employed for certain types of thermoplastics, 
especially some of the vinyls and polyethylene, is calendering on rolls 
much the same as is done in the manufacture of rubber sheeting. This 
operation is confined to flexible sheeting for which it has been developed 
with great success. 
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Swaged, Blown, Die-Pressed and Blanked Articles 

The operation of swaging, otherwise known as swedging or forming, 
has been applied for years in the fabrication of articles from cellulose 
nitrate. More recently it has been adapted to other thermoplastics, nota- 
bly the methacrylates. It is of utmost importance in the manufacture of 
shaped aircraft enclosures made from acrylics and cellulose acetate. In 
principle it is very simple, for it involves softening a sheet of thermoplastic 
material by suitable application of heat, then shaping it over a form and 
allowing it to cool until rigid. The thermoplastic sheet material may be 
softened by immersion in a liquid — hot water, glycerol, glycerol-water 
mixture, or oil, or it may be heated in an oven or, at times, on a hot 
plate. When it has attained a sufficiently high temperature to permit 
working, it is pulled over a wood, metal, or plaster of Paris form and 
held until cool enough to remove without losing its shape. Fitting over 
the form may be done either manually or mechanically by the use of 
male and female forms or by hydraulic pressure exerted by a heated 
fluid against the side of the sheet opposite the form. Acrylates are swaged 
at temperatures between 220 and 400® F and, in order to prevent marring 
of the plastic surface, forms for acr^dates should be covered with outing 
flannel, billiard felt, or some other soft material. Marring occurs most 
readily at higher temperatures, because of the greater softness of the 
plastic. Dust is also more likely to be caught by the softer surface of a 
heated methacrylate. The best swaging temperatures for methacrylates 
lie between 250® and 300® F. Higher temperatures, however, are re- 
quired for compound curves and deep draws which involve considerable 
stretching. 

Solid sheets of certain thermoplastics, especially cellulose nitrate, are 
shaped into complicated and intricate forms by blanking. This operation 
is analogous to punching, but is capable of considerable variation, espe- 
cially with heated sheets of plastic. In die-pressing, strips or other shapes 
of solid thermoplastics are cut from sheet material, then pressed into 
whatever form may be desired by means of a metal mold which can 
usually be made from relatively soft metals, such as brass or bronze. 
The blank which is die-pressed should approximate in size and shape the 
finished object. This is a favorite method for manufacturing combs, 
toothbrush handles, and other toilet articles made from cellulose nitrate. 
The die which is employed may be of such construction as to permit over- 
flow of flash, or the blank may be cut so as to allow no excess and the 
mold thus closed tight. Blanking and die-pressing, although employed 
with several thermoplastics, are particularly important operations in fabri- 
cating nitrocellulose, because this material would seriously decompose 
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during ordinary injection or compression molding operations. Hence, all 
nitrate articles are formed from sheet, rod, or tube stock. 

Blowing is a process used in fabricating such articles as plastic vials, 
hollow toys, and Christmas tree ornaments. Two sheets of thermoplastic 
material are clamped together between halves of a mold and hot com- 
pressed air or steam is blown in between them by means of a small nozzle 
or needle. The mold is preheated before application of air pressure. The 
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Figure 40. Side view of machine for extruding and blowing plastic 

material. 


sheets are thus blown out to conform to the shape of the mold and, at the 
same time, are bonded together around the edge by the pressure of the 
two halves of the mold applied to the hot, softened material. The mold 
is, of course, chilled before removal of the object. Blowing operations are 
usually carried out with molds provided with many cavities. Combina- 
tions of swaging and blowing are sometimes employed for the fabrication 
of intricate shapes. When seams are undesirable in the finished article, 
tube stock with one end capped or sealed can be blown. 

Although differing in the final forms produced and in the methods used 
to obtain them, all of these operations — swaging, blanking, die-pressing, 
and blowing — have in common the fact that sheet stock is changed in 
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Figtiro 41. Roar view of machine shown in Figure 40. 



Figure 42. Viscosity-temperature curves for cellulose acetate and polystyrene com- 
pared with glas^. These plastics are worked at viscosities about 600 times those of 
glass> illustrating the necessitv for using pressure in handling them. Once the parison 
is formed, both plastics and glass can be blown under comparable air pressures. 
{Bailey 
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shape by various devices after it has first been preheated. A significant 
new development departs somewhat from this general principle in that, 
by combination of injection molding and blowing methods, such hollow 
objects as bottles can be produced. 

Spun Filaments 

Most extrusion operations are conducted with machines capable of 
utilizing dies which produce either fancy shapes, as for trim, or cylindrical 
or rod forms. In the latter case, monofilaments as fine as 0.01 inch in 
diameter arc successfully manufactured. A closely allied operation is 
carried out in the spinning of fine fibers for textile applications. This 
process is essentially one of extrusion, although the equipment used differs 
materially from extrusion machines. 

In spinning, the plastic is fed into a hopper from which it passes 
through the spinneret. Three general types of spinning operations are 
practiced, typified by nylon, cellulose acetate, and viscose rayon. In the 
case of nylon, the resin is fused carefully to avoid decomjiosition and the 
molten material is tlien forced through a specially designed spinneret. 
In other cases, such as cellulose acetate, or “Vinyon,” the resin is first 
dissolved in a solvent like acetone. The solution is then fed into the 
hopper and extruded through the spinneret, the solvent being evaporated 
on the other side of the spinneret by means of a current of warm air 
traveling upward as the fiber moves downward. Viscose rayon, on the 
other hand, is produced by forcing an aqueous cellulose xanthate solution 
through the spinneret into a coagulating bath which causes chemical 
reaction, thereby precipitating regenerated cellulose in the form of a 
fine fiber. 

The spinneret, usually made of platinum, is a small nozzle, about the 
size of a dime, which contains a number of fine holes, ordinarily from 
two to five thousandths of an incli in diameter. Filaments as fine as silk 
or as coarse as carpet wool are thus formed and wound iij) on spools, to 
be used in the fabrication of thread. Twisting operations, to yield multi- 
strand threads, washing, and other procedures such as sizing may be 
carried out immediately after the filaments are spun, or later, according 
to the type of fiber and the manufacturer. 

An extremely important proce.‘«s which is carried out wdth fibers spun 
from some of the newer plastics, especially nylon, ‘Tinyon,^’ and saran, 
is cold-stretching. The spun filaments, after being wound, are rewound 
onto a second reel running at a higher speed, thus stretching the fiber to 
several times its original length. This serves not only to reduce its diame- 
ter, but, far more important, it realigns the linear molecules of which the 
plastic is composed so that they are more or less parallel to each other, 
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This has the effect of greatly increasing the strength of the filaments in 
the direction of stretch. A plastic which, in the massive state may have 
a tensile strength of 8000 to 10,000 pounds per square inch is thus con- 
verted into a filament of 60,000 pounds per square inch tensile or more. 

Cold-stretching operations can be carried out with larger monofilaments, 
up to about % inch in diameter, but the increase of tensile strength is 
less, the greater the diameter and becomes nil above this upper limit. 
Cold-stretched filaments of the plastics mentioned and of some others, 
like polystyrene, retain their stretch permanently at normal atmospheric 
temperatures. 


Surface Coatings 

One of the most important ways in which synthetic resins are utilized 
is in the formulation of surface coatings. Drying oils and natural resins 
have been used for centuries in protective coatings and painters have 
become accustomed to the odor of these substances and to that of their 
time-honored thinner, turpentine. The paint and varnish industry was 
therefore quite naturally reluctant to accept newer synthetic and semi- 
synthetic resins. Entirely new formulations were required and the solvents 
utilized therein possessed a ^^chemicaP' odor to which the trade long 
objected. During the lavst quarter of a century, however, there has been 
a gradual swing towards the use of synthetic resins and these materials 
are now indispensable in the formulation of lacquers and varnishes for 
automobiles and refrigerators, quick-drying interior paints and enamels, 
traffic paints, and numerous other paints useful in both indoor and out- 
door applications. Acid- and alkali-proof paints and concrete coatings 
rely almost entirely upon the plastics industry for their principal ingredi- 
ents. So great is the change that alkyd resins, used almost exclusively 
in products of the paint and varnish industry, are now one of the largest- 
volume plastics manufactured. 

The formulation of protective coatings is part science, part art. The 
fundamental principles involved are siulple, but their practice is complex 
and difficult and requires a background of extensive experience as well as 
book-knowledge. In essence, the formulation of a protective coating 
involves the preparation of a solution of a resinous material which, upon 
drying, will deposit a coherent, tenacious film of protective material that 
will prevent corrosion and erosion of the material beneath. Both thermo- 
setting and thermoplastic materials are used in surface coatings. Plasti- 
cizers are .often added in the formulation of coating materials in order to 
impart necessary flexibility. In tin can linings, for example, it is essential 
to have not only a protective layer which adheres well to the base metal, 
but it must be capable of being crimped during fabrication of the can 
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without breaking the film. Coloring matter, either dyes or i)igments, is 
necessary in many of these products, while satisfactory formulation must 
also take into account the spraying or brushing qualities of the solvent, 
the tendency of the solvent to pick up moisture during evaporation, thus 
giving rise to ^^blushing,” the deposition of a continuous layer of resinous 
material from the solvent combination chosen, the ability of the solvent 
to dissolve a sufficiently high concentration of resin to yield a satisfactory 
film, and the molecular weight of the resinous base material which, to 
some extent, determines the viscosity and hence the brushability or spray- 
ability of the coating material. Orange peel effects and other blemishes 
must be avoided. Plasticizers cannot be used if their volatility is so great 
that they will evaporate from the film. Many other problems face the 
formulator of surface coating materials. 

Surface coatings may be applied by any of the conventional methods 
of dipping, brusliing, spraying, roller coating, or application by means of 
a doctor blade. 

The development of aqueous emulsions of synthetic resins for coating 
applications represents a new departure of great significance because it 
allows the use of the cheai)cst thinner of all — water. 

Flame Spraying 

Another method of coating miscellaneous surfaces with synthetic resins 
of certain special types has been evolved in flame spraying by an adapta- 
tion of the Schoop or Schori metallizing gun. Powder is fed to the gun 
and flame-sprayed onto the surface in question. This process is necessarily 
restricted to a very few types of unplasticizcd, heat-stable thermoi)lastics. 
It has been used witli success for ^‘Thiokol,’^ polyethylene, and some of 
the vinyls. It is further discussed and illustrated in Chapter 20 under 
thioplasts. 


Resin-Treated Fabrics and Paper 
Closely allied to protective coatings arc coated fabrics. The lattei, 
however, may be made not only by coating from solution, but also from 
emulsion or by means of pastes or calendered material, as in the case of 
rubber- and synthetic rubber-proofed goods. Dipping, doctoring, and 
calendering are the principle processes employed in fabric coating. 

Numerous resins are also used in treating fabrics to improve their hand 
and to enhance other properties of the goods. Such applications will be 
mentioned at various points in later chapters. 

Allied to textile treating ajiplications are numerous uses of plastics in 
coating and impregnating paper to improve physical properties or to 
impart valuable surface effects. 
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Adhesives 

It was formerly said that anybody could make a glue. This rather 
derogatory axiom is no longer true, for very few can make a good glue, 
as adhesives formulated from synthetic resins in recent years have amply 
shown. Both dry and liquid glues are available based upon many diSermt 
types of synthetic resins. In some cases, dry glues are applied by fueaon* 
In other instances, as with urea-formaldehyde glues, they require addition 
of a solvent — ^water in this case. Liquid adhesives may be either 100 
per cent liquid resins or resin intermediates which gradually harden, or 
they may be solutions of one or more resinous materials. Still other 
adhesive masses are prepared for coating on fabric or sheet material, as 
in the familiar surgical, industrial, and cellophane tapes. Synthetic resins 
are also used as bonding agents for abrasive wheels, electric light bulb 
bases, and water-resistant plywood. For a comprehensive discussion of 
resin adhesives, see John Delmonte, ‘‘Chemistry and Technology of 
Adhesives, New York, Reinhold Publishing Corp. In press. 

A specialized technique utilized in bonding thermoplastic sheeting 
without the use of an adhesive is known as heat-sealing. This operation 
may be carried out by any appropriate means of heating the areas to be 
jointed and then pressing them lightly together. Of particular interest 
are electronic methods of heating which have been adapted to heat-sealing 
machines so that thermoplastic film and fabric can be sealed rapidly and 
easily by running the lapped material through these “electronic sewing 
machines.’^ 


Miscellaneoi:s Goods 

There are various miscellaneous applications of synthetic resins and 
plastics in addition to those just discussed. In cold molding, for example, 
as well as in the fabrication of floor tile, resinous materials are used as 
binders for mineral agglomerates and are pressed into shape at room 
temperature or slightly above, with or without subsequent baking outside 
of the mold. 

Solutions of some resinous materials, such as mineral oil solutions of 
polymerized isobutylene, are used as lubricants and greases which possess 
only slight susceptibility to temperature. 

Other plastics, such as com])lex amino and phenolic condensation prod- 
ucts of formaldehyde, are used in water purification as “organolites^ — 
organic chemical analogs of the zeolites. 

The diversity of applications of synthetic resins is further indicated by 
their uses as cement additives, printing ink components^ and porous cast- 
ing sealants, 
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Chapter 6 

Phenolic Plastics 


History 

The first purely synthetic resins produced industrially were the phe- 
nolics, or phenoplasts as they are sometimes called, developed between 
1905 and 1914 by Baekeland, Redman, Aylsworth, and their co-workers. 
During the latter part of the nineteenth century, cursory studies of the 
reaction between phenols and aldehydes had already been made by several 
investigators, both American and European, but these men, among them 
Adolph von Baeyer of indigo fame and our own Arthur Michael, failed 
to recognize the commercial value of the resinous products which they 
had obtained. Renewed interest in this work led to the issuance of a 
number of patents in the United States, Great Britain, and Germany 
between 1899 and 1905, anaong which some of the more interesting were 
granted to Arthur Smith and to A. Luft. While these patents served as 
helpful guideposts in a new and unexplored terrain, none was of funda- 
mental significance. It remained for Leo H. Baekeland, an American 
chemist of Belgian birth and education who had already made a name 
for himself by developing “Velox^^ photographic paper, to scale the diffi- 
cult and forbidding barriers of this new land and reach the fertile plains 
of moldable plastics. 

In 1906, Baekeland began work in his private laboratory in Yonkers, 
New York, to explore the possibilities of developing a shellac substitute 
from the products of reaction of phenol and formaldehyde. A year later 
he announced his results at the New York Chemists' Club. He obtained 
a series of basic patents on phenolic resins, issued from 1909 onwards, 
among them U. S. Patent No. 942,699 commonly knowm as the heat and 
pressure patent which afterwards withstood considerable litigation. Dr. 
Baekeland, esteemed throughout the world as the founder of the synthetic 
resin industry, died on February 23, 1944. 

Coincidentally with Baekeland's work during the second decade of this 
century, two other successful ventures were made in the same field. One 
was by J. W. Aylsworth, chemical consultant for Thomas Edison, whose 
initial interest lay in a desire to develop new materials for phonograph 
records. The other was by L. V. Redman and his co-workers, A. J. Weith 
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and F. P. Brock, who carried out their investigations at the Univemty 
of Kansas on a Robert Kennedy Duncan Industrial Fellowship estab^ 
lished by the Chicago firm of S. Karpen Brothers for the originri imrpose 
of making a superior furniture varnish. It may be noted that the Hob^ 
Kennedy Duncan Industrial Fellowship System has, since thit time, 
grown into Mellon Institute of Industrial Research in Pittsburgh. 

Companies formed to develop the products of these three interei^ were 
as follows: 

General Bakelite Co. October 10, 1910 

Condensite Co. of America September 23, 1910 ' 

Redmanol Chemical Products Co. February 20, 1914 

The early days of these three concerns were disturbed by coiisiderable 
patent litigation that led, finally, to their consolidation on March®!, 1922, 
by formation of the Bakelite Corporation. In 1939 this company became 
a unit of the Union Carbide and Carbon Corporation and, in *1944, the 
Plastics Division of the Carbide and Carbon Chemicals Corporation was 
consolidated therewith. 


Table 2. Ignited States Production and Sales of Phenolic Resins, 1944*®*^ 

Sales 



Production 

Quantity 

Value 

Unit 

Material 

(1,000 lb 
not reain 
content*) 

(J,000 lb 
net resin 
content*) 

(1,000 

dollars) 

value 
‘ (l^ lb) 

Coal-tar acid resins, total 

197,312 

188,361 

52,659 

0.28 

Phenolic resins, total 

158,944 

153,365 

42,458 

0.28 

p-ter-alkylphenol-aldehyde 

2,573 

2,511 

806 

0.32 

cresol-formaldehyde, total 

14,825 

15,135 

3,546 

0.23 

for laminating 

12,481 

12,796 

2,889 

0.23 

for miscellaneous uses 

2,344 

2,339 

657 

0.28 

phenol-formaldehyde, total 

1 16,203 

111,336 

33,574 

0.30 

for molding 

42,094 

41,868 

15,726 

0.38 

for protective coatings 

10,294 

10,112 

23,169 

3,792 

0.38 

for laminating 

27,173 

5,527 

0.24 

for adhesives 

for textile, paper, and leather 

21,080 

20,787 

3,841 

0.18 

treatment 

318 

Combined with 

miscellaneous uses 

for miscellaneous uses 
phenol-formaldehyde, abieti(^ acid 

15,244 

15,400 

4,688 


modified 

phenol-formaldehyde, abietic acid 

2,020 

1,625 

237 

0.15 

ester modified 

20,889 

2,434 

20,627 

3,492 

0.17 

other phenolic resins 

2,131 

803 

OM 

Mixed phenolic (tar acid), total 

38,368 

34,996 

10,201 

OM 

cresylio acid-formaldehyde 

6,720 

4,147 

1,089 

OM 

cresois and xylenols-aldehyde 

1,740 

1,341 

29,608 

385 

OM 

other mixed phenolic resins 

29,908 

8,727 

OM 


* Data on production and sales are shown in terms of net resin content, t.e., 
of all fillers, drying agents, dyes and plasticizers. Chemical modifiers such as abieltciMifid 
and special oils are considered part of the net resin content when they are chemioilly 
combined with the principal resin. 
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Upon expiration of the basic patents in 1926, several new producers 
entered the field of phenolic resins, with consequent competitive price cuts 
and widening of markets. About thirty companies now make molding 
and laminating phenolics, either for sale to custom molders, or for their 
own consumption. Cast phenolics and phenolic coating materials were 
also introduced at the beginning of the industry. Varnish manufacturers, 
howevesr, did not accept these early resins generally, so that phenolic 
coatings were restricted to thin baked-on metal lacquers and were used 
especially for brass bedsteads. Revised formulations of imi)roved quality 
are more recent developments of the past fifteen years. Cast phenolics 
have also come into prominence during the same period. 

The distribution of phenolic resins in 1944 according to type and end 
use has been estimated in Table 2. 


Chemistry 

If equknolecular amounts of phenol and formaldehyde are reacted 
together in aqueous solution by long standing at room temperature or 
below, in the presence of a mild alkaline catalyst, a relatively simple 
reaction occurs according to the equation: 


(l) 


/■ 




-OH 


4- II2CO 


I OH 
L CH2OII 


The product, o-methylol phenol, has been given the common name, sali- 
genin. Both this compound and its para isomer can be obtained by care- 
fully working up the reaction products from an exactly neutralized solu- 
tion. Upon gentle heating or upon treatment with strong acids, saligenin 
is converted to a condensation polymer whose molecular w^eight varies 
according to conditions. It has been called saliretin. It is a yellowdsh 
powder, soluble in both alcohol and alkali and is the anhydride formed 
by loss of water from 3 to 8 molecules of monomeric saligenin. If reaction 
conditions — especially the methylene ratio — are not controlled, both 
saligenin and saliretin arc only intermediate, short-lived products in a 
complicated series of reactions which finally result in tridimensional 
condensation polymers of high molecular weight, infusible and insoluble 
in ordinary solvents. 

Although infusible, insoluble resins are the invariable end products of 
drastic reaction between numerous phenolic compounds and aldehydes, 
the natufo of both the intermediates and the final materials obtained 
under milder conditions can be widely varied-by careful control. Several 
factors influence the course of resinification. Among them the most im- 
portant are: (1) Acidic or basic nature of the catalyst. (2) Concentra- 
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tion of catalyst. (3) Ratio of aldehyde to phenol. (4) Structure of phenol. 
(5) Structure of aldehyde. (6) Time and temperature of reliction. 
(7) Presence and nature of modifying agents. 

In considering the first three factors, we shall specifically refer only to 
phenol and formaldehyde, but similar generalizations apply to their homo- 
logs and analogs. 

(1) Acidic or basic nature of the catalyst. The first reaction occurring 
in the formation of a phenolic resin is the production of saligenin or its 
corresponding para isomer. 


n 






-OH 


+ HiCO ■ 


\/ 


OJI 

and I , 

CH2OH CH2OH— ’ /• 


jV“ 

X/ 


Saligenin may then react with more formaldehyde to form polymethylol 
phenols. 


CHiOlI 


( 3 ) 


^V-OH 


i-CHaOH 


+ II2CO- 




H2COH 




CH2OH 


II2COH— L 


-OH 

-CHjOH 


Or it may react with more phenol to yield a dihydroxydiphenylmethane: 


(4) 


|X— on /X-OH 


/N- 


CHjOH 






on HO-Y 
— CII2 , 


Still another reaction wdiich saligenin may undergo is condensation of 
two molecules to a dihydroxymethyloldiphenylmethane: 


CH2OH 


( 5 ) 


Cc" 

IJ—ClhOll 




-OH 

-CH2OH 



The reaction product of equation (5) can also be obtained by addition of 
formaldehyde to the product of equation (4) : 


CH2OH 



These are all type reactions which can take place in para position as 
well as ortho and which are capable of repetition an indefinite number of 
times to build up large molecules. Among them, types (2), (3), and 
(4) are the most important. 
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In the presence of an alkaline catalyst the rates of reactions of types (2) 
and (3) are much greater than that of type (4). Hence, when alkaline 
catalysts are employed with a sufficient quantity of formaldehyde, poly- 
methylolphenols are formed in appreciable amounts before reaction of 
type (4) sets in. Tridimensional structures are therefore built up when 
these polymethylolphenols subsequently react in the sense of equations 
(4) and (5), and a complex product is obtained which might be repre- 
sented in part as follows: 



When the structure becomes sufficiently large, such tridimensional ])oly- 
mers are insoluble and infusible. 

The formation of condensation products between ])henol and formalde- 
hyde by alkaline catalysis proceeds gradually, the resin becoming more 
complex as its molecular weight and netting index increase. According to 
Baekeland^s early observations, which have been generally accepted since 
then, there are three more or less distinct stages which are reached dur- 
ing resinification, and these stages are characterized both by the appear- 
ance of the resin and by its solubility. They are known as A, B, and C. 
The A-stage resin is a low molecular weight condensation product obtained 
during the early period of reaction. It may be liquid, solid, or semi- 
solid and it is readily soluble in acetone. An A-stage resin is also some- 
times called a resol. Upon further heating of A, a B-stage resin forms, 
known as a resitol. A resitol is usually solid and is insoluble in acetone, 
although it is swelled thereby. It can be softened by heat a limited num- 
ber of times or held in the softened state for a limited period before it 
converts to the C-stage or fully cured plastic, otherwise known as a resite. 
This final stage is completely insoluble in acetone and infusible. A, B, and 
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C stage resins correspond to increasing molecular weight and neMag 
index. 

It is an important fact that in alkaline catalysis, the condensation can 
be interrupted at any time by cooling, and continued again by relieating* 
It is this fact which permits the molding of thermosetting phenolics. In 
the production of resins for molding powders by the one stage process, 
alkaline condensation is brought about and the reaction stopped during 
the B-stage. The resitol thus formed is advanced to the proper degreife ^ 
plasticity by milling on hot rolls, mixed with filler, coloring matter, and 
mold lubricant and sold to the trade as molding powder. During molding, 
this B-stage resitol is converted under heat and pressure to the final 
C-stage resite. 

In the presence of an acid catalyst, the rate of reaction of type (4) is 
greater than that of types (2) and (3). This leads to formation of linear 
chains. While many isomeric and branched structures are possible! a 
typical formula might be as follows: 


OH OH OH OH OH 



Because these polymers arc linear, they arc also thermoplastic. ‘ Forced 
reaction with hot concentrated acid results in such violent condensation 
that tridimensional structures arc built up as well as linear ones, but 
under properly controlled conditions acid condensation of phenol and 
formaldehyde leads to linear thermoplastic polymers. These products 
have received the general term, ^^novolacs.’^ They arc usually brittle, 
hemicolloidal solids. Some of them arc oil-sohible and arc widely used 
in the formulation of paints, lacquers, and varnishes. 

It is possible to react a novolac with more formaldehyde under alkaline 
conditions, in accordance with equation (6). The end product is a thermo- 
set, infusible, and insoluble resite, similar to wdiat would have been ob- 
tained finally by direct alkaline reaction. Advantage is taken of this 
fact in the manufacture of industrial molding powders by the two-st^p 
process, in w^hich novolacs and hexamethylenc tctraminc are ground or 
milled together into a molding powder, the hexa supplying both the neces- 
sary excess of methylene groups and the basic catalyst required for con- 
version of the resin to a tridimensional structure. In a certain sense, tbaiiN^ 
fore, such two-stage phenolic resins are not only thermosetting; 
chemosetting as well, because they are cured by reaction with an fxiwiil 
chemical, hexamethylene tetramine. 

It is also possible to produce A- or early B-stage resins by alkaline 
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catalysis and then continue resinification with an acid. This results in 
formation of a B^stage resin free from methylol groups which can be 
used in molding powders in conjunction with hexamethylene tetramine, 
but which will not convert to the C-stage upon standing alone at room 
temperature, as will alkali-catalyzed phenolic resins. 

(2) Concentration of catalyst. Alkaline catalysis of phenolic resin 
formation is independent of the hydroxide ion concentration, except where 



1 0 1.5 ^0 2.5 3.0 3.5 

MOLS OF FORM ALDEHYDE PER MOL OF PHENOL 

Figure 43. Relation between tensile strength and eomj)osition of cast phenolic resins. 

{Thompson *^) 


the latter is low. At 100®, for example, H has been found that the rate 
of resinification is practically independent of the amount of sodium 
hydroxide present between proportions of 5 and 100 mole per cent, based 
on the phenol. Acid resinification, on the other hand, is very sensitive to 
concentration of catalyst, the rate being a direct function of hydrogen 
ion concentration. 

(3) Ratio of aldehyde to phenol. From the partial structures of tri- 
dimensional and linear resins given above, it can be seen that while 
phenol and formaldehyde react in slightly less than equimolar amounts 
to form acid-condensed thermoplastic polymers, more than one mole of 
formaldehyde is required per mole of phenol to form a thermosetting 
resin. In the tridimensional formula shown earlier, the ratio of formalde- 
hyde to phenol is 2:1. This is greater than is ordinarily used industrially 
in the production of molding and laminating resins, where ratios ranging 
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Figure 44. Relation between compressive strength and composition of cast phenolic 

resins. (Thompson 



MOLS OF FORMALDEHYDE , PER . MOL OF PHENOL 

Figure 45. Relation between Izod impact strength and composition of cast phenolic 

resins. (Thompson 
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from 1.1:1 to 1.5:1 are common practice. In the production of cast 
phenolics, higher ratios of formaldehyde to phenol may be used. Rela- 
tionships between this ratio and certain physical properties of such 
plastics are shown in Figures 43 to 45. 

It has already been noted that the formaldehyde need not all be added 
at one time, a fact of which advantage is taken in the manufacture of 
molding powders by the two-stage process. In the linear formula shown 
above, the formaldehyde to phenol ratio is 4:5. The greater this ratio, 
the shorter is the time required for resinification in the presence of an 
alkaline catalyst. This is particularly important in determining the 
amount of hexa to be used in molding powders, for the speed of cure can 
be widely varied by this means. 

(4) Structure of phenol. The structure of the phenol exercises a marked 
influence upon the nature of the resinification product. It determines its 
ability to form curable resins, as well as the rate of resinification and the 
solubility of the resins produced. 

It is a well known principle of aromatic organic chemistry that a 
hydroxyl group on the benzene ring orients an entering group ortho or 
para. Hence, as indicated by equations (2) to (6), formaldehyde reacts 
with phenol and its homologs by union at the ortho and para positions. 
The number of ortho and para positions which are open in the phenol, 
therefore, usually limits the amount of formaldehyde which can be taken 
up. Highly cured C-stage resins can be obtained only from phenols having 
all three ortho and para positions free. Those having but two positions 
free yield either non-curable resins or products which cure but partially 
or, at best, very slowly. Low molecular weight products, only, can be 
obtained from phenols which have but a single open position, while those 
in which all three ortho and para positions are blocked do not react with 
formaldehyde. Phenols may therefore be classified in four different cate- 
gories, according to the number of open positions which are free to react 
with formaldehyde, as shown at the top of page 122. 

Fully curable resins can be obtained from mixtures of phenols which 
contain a sufficiently large portion of type 3 compounds. Thus, cresylic 
acids which have only a 50 per cent m-cresol content yield curable prod- 
ucts, although it is customary to hold the o-cresol as low as possible — 
usually to less than 5 per cent. 

Resins for molding powders are made from pure phenol or from mix- 
ture6 of tar acids containing chiefly phenol. 

Cast resins a^sfe made from pure phenol, the synthetic product being 
used in order to obtain as good color as possible. i : 

Laminating resins were produced largely from cresols and xylenols be- 
fore World War II. Recently, because of cresol shortages, they have been 
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Type 0 

No open positions. — ^Unreactive 
with formaldehyde. 

OH 

V 

Type 2 

Two open positions. — ^Uncur- 
able, difficultly or partially cur- 
able resins with formaldehyde. 


OH OH 



11 


Type 1 

One open position. — ^Low molecu- 
lar weight condensation products 


with formaldehyde* 
OH OH 



Type 3 

Three open positions. — ^Highly 
curable resins with formaldehyde. 


OH 

I 



()H 


made in considerable quantity from phenol. For coating resins, ^'naturar* 
(coal tar distillate) homologs of phenol are employed, as well as several 
synthetic alkylated phenols, especially p-ter-butyl phenol, p-ter-amy) 
phenol, p-sec-octyl phenol, and p-hydroxydiphenyl. 

Over the ten-year period, 1933-1943, a])proximately 66 per cent of all 
phenolic resins were made from phenol, 17^^ per cent from mixtures of 
phenol and cresol, 10 per cent from cresols and cresylic acid, and 6 V 2 per 
cent from cresol-xylenol mixtures, xylenols, and alkylated phenols. Esti- 
mated 1943 consumption of phenol in the manufacture of phenoplasts 
of all kinds was 66,900 short tons. The corresponding estimate for cresols, 
cresylic acid, and xylenols was 13,300 tons. 

Under acid conditions, the rate of resinification is not greatly affected 
by the structure of the phenol, but under the influence of alkaline catalysts 
there is marked variation in velocity from one phenol to another. Granger 
has determined the time required for an equimolar formaldehyde and 
sodium pKenolate reaction mixture to reach an advanced stage at 100 ®. 
Approximately the same degree of resinifleation was attained in each case, 
the time required with various phenols being shown on the next page. ‘ 

Resorcinol is resinified with extreme rapidity. 

The structure of the phenol also exercises a marked effect upon the 
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solubility of the resultant resin. Acetone is a universal solvent for any 
phenolic resin which is in such a stage of condensation that it can be dis- 
solved at all; this includes both novolacs and A-stage resins. If alkaline 
condensation is not carried beyond the soluble A-stage, there is relatively 
little difference in the solubility of alkali and acid catalysed condensation 
products from the same phenol, but there is considerable variation from 


one phenol to another. Granger reports the solubilities 
3 and 4. 

Table 3. Solubility of Novolacs** 

shown in 

Tables 

Phenol 

Aqueous NaOH Alcohol 

£ther 

Ethyl Acetate Ohlorolorm Benaene 

ecu 

p-cresol 

Insol. Insol. 

Sol. 

Sol. 

Sol 

Sol. 

Sol. 

rMTesol 

Sol. Sol. 

Sol. 

Sol. 

Sol. 

Ltd. 

Insol. 

/w-cresol 

Sol. Sol. 

Sol. 

Sol. 

Insol. 

Insol. 

Insol. 

3,5-xylenol 

Sol. Sol. 

Sol. 

Sol. 

Sol. 

lAd. 

Insol. 

;>-phenylphenol 

Insol. Insol. 

Ltd, 

Ltd. 

Sol. 

Sol. 

Ltd. 

Table 4. Solubility f>f Alkaline Condensation Products of Phenols and Formaldehyde ** 

Phenol 

Aqueous NaOH 

Alcohol 

Ether 


Benaene 

ecu 

phenol 

Sol. 

Sol. 

Insol. 


Insol. 

Insol. 

w-cresol 

Sol. 

Sol. 

Insol. 


Insol. 

Insol. 

o-cresol 

Sol. 

Sol. 

Ltd. 


Ltd. 

Insol. 

p-cresol 

Ltd. 

Insol. 

Ltd. 


Sol. 

Sol. 

2,4-xylenol 

Sol. 

Sol. 

Sol. 


Sol. 

Sol. 

2,5-xylenol 

Sol. 

Sol. 

Sol. 


Ltd. 

Ltd. 

3,4-xylenol 

Ltd. 

Insol. 

Insol. 


Sol. 

I.td. 

3,5-xylenol 

Sol. 

Sol. 

Sol. 


Insol. 

Insol. 

thymol 

Ltd. 

Ltd. 

Sol. 


Sol. 

Ltd. 

carvacrol 

Ltd. 

J.td. 

Sol. 


Sol. 

Sol. 

Qc-naphthol 

Sol. 

Ltd. 

Ltd. 


Ltd. 

Ltd. 

p-phenylphenol 

Insol. 

Insol. 

Ltd. 


Sol. 

Ltd. 


There is also considerable variation in the solubility of phenolic resins 
in drying oils, depending upon the structure of the phenol. Here again, 
little influence is exercised by the acidic or basic nature of the catalyst, 
although the curability of the resin is affected thereby. Among the more 
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common phenols, phenol itself, m- and o-cresol, and the naphthols are 
the only ones yielding resins which are insoluble in drying oils. Para 
substituted phenols yield resins that dissolve especially easily, while 2,4-, 
2,5-, 3,4-, and 3,5-xylenols, thymol, and carvacrol give resins which dis- 
solve in tung oil upon heating. The tolerance for petroleum thinners 
varies, as can be judged from the preceding tables, with para substituted 
phenols outstanding. Resins from p-ter-butyl phenol, p-ter-afnyl phenol, 
p-sec-octyl phenol, and p-phenyl phenol yield condensation products 
which serve as excellent resinous bases for drying oil paints and lacquers. 

(5) Structure of aldehyde. By far the most important aldehyde for 
phenolic resins is formaldehyde. While many other aldehydes and 
ketones give resinous products with phenol, most of them are not suitable 
for either molding powders or varnishes. Acetone is used to a limited ex- 
tent, especially in oil-soluble resins. Glyoxal, HCO — CHO, a newcomer 
to the ranks of comrhercially available chemicals, is being developed as a 
component of phenolic resins. Furfural, 

HC— cn 

H— S C— H 

Y 4 

is utilized in the production of those resins sold under the trade-mark 
^^Durite.'^ Resins made from furfural remain in the B-stage at moderately 
elevated temperatures for somewhat longer periods of time than corre- 
sponding formaldehyde materials. During early efforts to adapt injection 
molding methods to thermosetting plastics, this fact was of some impor- 
tance for it permitted their use in injection molding equipment without 
jamming the plasticizing chamber or its orifice. Other i)henolics, however, 
have now been developed for injection molding, a process w^hich, applied 
to thermosetting plastics in general has come to be known as jet molding. 

(6) Time and temperature of reaction. These two reaction conditions 
obviously affect resinification, as in all organic operations. They must be 
carefully controlled during the manufacture of resins and molding com- 
pounds in order to obtain products of uniform characteristics, and they 
must also be no less accurately controlled during molding to insure com- 
plete conversion from B- to C-stage resin under satisfactory conditions 
of flow without under-cure on the one hand, or without over-cure (burn- 
ing) on the other. 

(7) Presence and nature of modifying agents. The nature of phenolic 
resins can be greatly filtered by incorporation of modifying agents in 
their molecular structure. Modifiers are particularly important in the 
preparation of phenolic resins for coating applications. Natural resins, 
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fatty acids, glycerol, and certain synthetic resins, especially alkyds, are 
common. Extenders, which may or may not be chemically combined with 
the phenolic resin, have been used to some degree in times of phenol 
shortages as components of molding powders. Typical extenders are 
lignin preparations and rosin products like ^'VinsoL” 

Molding Materials 

Manufacture. In producing a phenolic resin, a suitably selected phenol 
or cresylic acid cut is heated together with the proper amount of formalin 
or paraform if a ‘‘wet process” is used, or with hexamethylene tetramine 
if a “dry process” is employed. In the latter case, hexa supplies its own 
catalyst- — ammonia, but the dry process is relatively expensive and is not 
commonly employed. In the wet process, either an acidic or basic catalyst 
is added and the batch is heated to start reaction. Being exothermic, 
resinification proceeds subsequently without the aid of external heating. 
When reaction has gone far enough, the batch is cooled, vacuum applied 
to remove waterj and the product poured out of the reactor and further 
cooled. It is then ready to be admixed with suitable fillers, lubricants, 
pigments, and, if necessary, hardening agents such as hexa. The resin 
itself usually corresponds to about 60 per cent of the finished powder. 
The mixing process is carried out on rolls working against each other at 
different rates, like those used in the rubber industry. The roll^ are 
heated where necessary in order to advance the resin to such a point that 
it will possess the desired degree of plasticity. Grinding and batch blend- 
ing are then utilized in order to assure proper control of particle size and 
uniformity. 

Because of their thermosetting characteristics, phenolics are molded 
primarily by compression and transfer methods, described in Chapter 6. 
Jet molding is a promising recent innovation. Continuous extrusion of 
phenolics has been practiced to some extent in England. Compression 
molding is carried out at temperatures of 270-360® F under 2000 to 5000 
pounds per square inch. Transfer operations are usually conducted under 
higher pressures. Advantages gained by electronic preheating have been 
enumerated in the preceding chapter; decrease in curing time effected 
thereby is shown graphically in Figure 52, page 130. 

Fillers. Practically all phenolic molding powders contain fillers, used 
to improve moldability or to enhance serious physical properties of the 
finished plastic. In general purpose molding powders, disease in cost 
resulting from the presence of an inexpensive filler is soniatimes an im- 
portant factor, but even then it is by no meaps the sole consideration. 

In recent years there have been developed a very limited number of 
100 per cent phenolic resin molding powders which yield transparent 
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Figure 46. Large phenolic resin still, with weigh tank at top left, 
shaft in center above still containing agitator which lotute^ inside 
still, and condensing unit at right. 
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Figure 47. Pans of phenolic resin racked up in the cooling and storage area« 

m 




Courtesy Bakeltte Corp. 

Figure 48. Cracking the hardened phenolic win. 



* *' Bakelite' Corp. 

Figui«. 40. A powdering unit beinj; charged^||^^^p|^ps of phenolic 


m 



Figure 60. Woodflour or other 
* fillers and coloring materials are 
mixed with phenolic resins on 
heated compounding rolls as shown 
here and the cure is advanced to 
such a stage that the products will 
harden rapidly in the mold under 
application of heat and pressure. 


Couttesy Bakclitt Corp. 


4 


Figure 61. 



Courtesy Bakelite Corp, 

A. mixer fpr high impact material being emptied 
on conveyor. 
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articles available in colors ranging from light amber to ruhj and green. 
These materials are difficult to mold and are not in great demand except 
for those applications where the heat resistance and dimensional stability 
of a thermosetting resin is required in a transparent plastic as, for ex- 
ample, lenses of the rear lights Of automobiles and traffic lights. 

The most important fillers are listed below: 

Cellulosic 
Wood flour 
Cotton linters 
Walnut shell flour 
Chopped fabric 
Creped paper 
Kraft wood pulp 
Sisal 

Mineral 

Clays 

Diatomaceous earth 

Talc 

Slate 

AsbesfOvS powder and fiber 

Mica 

Graphite 

Metal powders (iron and copper) 

Baiytes 

M isccllancom 
Carbon black 
Soybean flour and protein 

Wood flour, of about 100 mesh average particle size and 50 mesh maxi- 
mum, is the most common filler and is used for general purpose molding 
compounds. It is best prepared by attrition grinding (to preserve the 
fibrous structure of the wood) of selected knot-free and bark-fr^e woods 
— usually soft woods such as pine, fir, spruce, poplar, basswood, and cot- 
tonwood. Wood flour filled resins flow easily in the mold and handle well, 
yielding articles possessing excellent appearance, with filler uniformly 
distributed throughout. Good electrical properties, good tensile strength, 
and low heat conductivity characterize the moldings. Their impact 
strength, on the other hand, is only fair. Walnut shell flour gives prod- 
ucts of decreased water absorption because of its cutin content. 

For more severe impact requirements, other fillers are required as shown 
by Figure 53. Cotton linters yield articles which are better in this respect, 
while chopped fabric, shredded textiles, and long-fibered wood pulp (kraft) 
give molded objects of outstanding resistance to shock. Sisal fiber has 
been developed as a filler for plastics of light weight and high impact re- 
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Figure 52. Comparison of thickness opiimum curing 
lime for specimens of wood flour filled and fabric filled 
plioiiolic materials molded without preheat, with oven 
preheat, and with high frequency preheat. {Meharg^^) 

sistancc. These fillers, however, increase moldinc; difficulties approxi- 
mately in the order named. The bulk factor of molding compounds based 
on all but cotton linters is usually high. 

Chopped fabric is impregnated with resin solution, dried free of solvent, 
and cut up into fine pieces before molding. The fabric used varies from 
fine weave cotton, often shirt trimmings, to coarse canvas. Tire cord 
is sometimes utilized for special applications. The use of chopped fabric 
ordinarily requires hand filling of the mold and preforming. 

So-called pulp-resin articles are made in several ways by a number of 
major producers. According to one general type of process, an intimate 
dispersion of the resin in a kraft pulp slurry is prepared by adding either 
dry resin or a solution of resin and protective colloid to the wood pulp 
as it is whipped up in a paper beater. The resin-pulp mixture is filtered 
off by suction over a wire form shaped like the article to be molded. 
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Figure 53. Variation with temperature of notched Izod impact strength of im- 
pact grade phenolic molding compositions. {Carswell, Teljair, and Haslanger^^) 



Cwrtesy Monsanto Chemical Co, 


Figure 54. Experimental beater for preparation of pulp-resin molding 

compositions. 
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After a sufficiently thick layer is deposited, it is thoroughly air dried and 
then molded much as any other preform. In some cases, such as cafeteria 
trays, several preforms may be telescoped together, resulting in a com- 
bined molded-laminated pulp-resin ariicle of excellent strength character- 
istics whose apj^earancc can be improved by application of an extra heavy 
surface coat of resin, ‘^Kys-Ite” is a typical pulp-resin plastic. 

A second method of fabricating pulp-resin articles involves the forma- 
tion of flat sheets or boards from pulp, or sometimes rag fibers, either in 
the way just described or by impregnation with an alcoholic solution of 
resin and subsequently molding simple shapes from the dried, flat boards. 
Blanks of this type, often used as reinforcement for molded articles such 
as French telephone receivers, are known as “Bakelite Board, manu- 
factured by the Rogers Paper Co. and sold by the Bakelite Corporation. 
Material of this kind is utilized in matrices for application, in turn, as 
molds with which to form rubber printing plates, employed especially in 
printing cotton goods and paper bags. It has also been found possible to 
chop pulp-resin preforms and use the* diced product as a molding com- 
pound. 

^^Co-Ro-Litc^’ is a similarly prepared product based on long-fibered 
sisal batting impregnated with phenolic resin. This material is made in 
apparent densities ranging from 0.71 to 1.33 after molding. In the lower 
densities it is open and somewhat flexible. 

Phenolic impregnated tissue paper, creped in cross directions, is pro- 
duced. for direct compression molding. This new development permits in- 
troduction of exceptionally high impact strength into relatively com- 
plicated molded articles. Low-pressure molding of impregnated crepe 
paper, edge wound, has resulted in fabrication of porous oil filters. 

While considering organic fillers it should be noted that soybean meal 
has also been used, but has not yet attained much success, despite glow- 
ing accounts in the daily press. Purified soybean protein offers promise 
of yielding molding powders with improved flow characteristics for 
general purpose applications, but its acceptance remains for the future. 

Since all the fillers just discussed are of organic nature, none of them 
yields molded articles possessing high heat resistance. For this purpose 
it is necessary to resort to mineral fillers such as diatomaceous earth or, 
still better, mica or asbestos. The latter is more common than mica. 
There are many grades of all these materials and other inorganic powders 
as well, and the properties of molding compound vary with the specific 
filler chosen. In the case of asbestos, for example, the longer the fiber, 
the greater is the impact strength; likewise, greater are difficulties of 
preparation and molding. Iron-free, acid-washed asbestos is sometimes 
used in electrical applications where the inferior electrical properties of the 
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more customary asbestos filled materials are inadequate. Both arc-resist- 
ance and Water-resistance are improved without seriously impairing 



Figure 55. EfToct of filler content on compressive strength of wood flour 
filled phenolic moldings. 



Figure 56.* Effect of continuous heating on impact strength of molded bars of 
fabric filled phenolic. {Carswell and Nason^^) 


strength by first driving off water of crystallization from the asbestos at 
a red heat. 




Figure 57. Variation with temperature of ultimate tensile strength of vari- 
ously filled phenolics. (Adapted from Camwcll, Teljair, and Jlaslanger"*') 


CAST RESIN 


WOOD FILLER 


PAPER 

FILLER 


33% MINERAL 
FILLER 


60% MINERAL 
FILLER 



Figure 58. Decrease in dimensions of variously filled phenolic moldings after 
exposure to dry heat at 110® for 21 days. (Adapted from IlaUn^) 
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Mica is used as a filler to improve heat resistance, dimensional stability, 
and electrical properties, especially for low loss applications. It is superior 
to untreated asbestos for this type of service and, at the same time, im- 
parts excellent water resistance. 

Graphite is commonly used to improve frictional characteristics of 
phenolic parts. Electrical conductivity is, of course, increased thereby. 



Figure 59. Effect of filler on- 
the water absorption at 20° of 
molded phenolics. (Mineral filler 
in the case of 60 per cent load- 
ing; mica.) (//aWs“) 


Properties, Botli the amount and type of filler affect the ph.vsical 
properties of the molded article. Tlie relation between wood flour content 
and compressive strength, for example, is illustrated in Figure 55. The 
influence of the kind of filler upon impact strength has been discussed in 
the preceding section. Impact strength of molded phenolics is impaired 
by prolonged heating, as shown in Figure 56. Various relations between 
the type of filler and other physical properties are shown in Figures 57 
to 59. 

Properties of various grades of these products can best be illustrated 
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by quoting the classification and requirements set forth in the A.S.T.M. 
^'Tentative Specifications for Phenolic Molding Compounds (D700 — 
43T) Table 5 lists requirements of ten different types of materials 
which differ chiefly in respect to filler as follows: 

^^Type L An unfilled transparent or translucent material suitable for 
both electrical and mechanical applications. 

^^Type 2. General purpose wood-flour-filled material suitable for both 
electrical and mechanical applications. 

‘^Type 3, General purpose material with a cellulose filler which may be 
wood flour or cotton flock. It is somewhat higher in impact strength than 
Type 2 and suitable for both mechanical and electrical applications. 

^^Type 4- Moderate impact strength material with cotton rag or other 
suitable forms of cellulose filler to give the required strength for this 
type. 

**Type 5, Medium impact strength material with cotton rag or other 
suitable forms of cellulose filler to obtain the required strength for this 
type. 

*^Type 6. High impact strength material with cotton rag or other suit- 
able forms of cellulose filler to obtain the required strength for this type. 

^^Type 7. An electrical high-frequency low-loss material with a mineral 
filler. 

*'Type 8. A superior electrical high-frequency low^-loss material with a 
mineral filler. 

*^Type 9. General purpose mineral-filled material for both electrical 
and mechanical applications. 

^*Type 10. Heat-resistant mineral-filled material.^^ 

Table 6 shows certain characteristics of molded pulp-resin preforms as 
compared with standard high pressure impact resistant molded phenolics. 
Table 7 indicates the relation between resin content and these properties 


Table 6. Comparison of Physical Properties of Pulp-Resin Preforms Molded at 880 
PSI and Standard High Impact Molding Compounds Molded at 3000 PSI " 


Material 

Rerin 

Content 

Tensile 

Strength 

Flexural 

Strength 

Impact 
Strength 
Notched- laod 

Water 
Absorption 
24 hr 
(%) 


(%) 

(P«) 

(pai) 

(ft*Ib/in 
of notch) 

Kraft pulp-resin preform 

55 

13,400 ±1130 

18,200 ±1050 

1.09 ±0.00 

0.42 

60% pulp, 40% macerated 

fabric-resin preform 

55 

13,500 ±689 

16,100 ±1300 

2.34 ±0.03 

0.60 

Macerated fabric-resin 

preform 

55 

9,500 ±705 

16,200 ±490 

3.00 ±0.08 

0.31 

Macerated fabric filled 

molding compound 

50 

6,500 ±855 

10,200 ±550 

3.50 ±0.13 

1.67 

Cotton oord filled 

molding compound 

50 

4,800 ±625 

12,400 ±1050 

8.00 ±0.18 

1.91 
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Table 7. Influence of Resin Content on Physical Properties of Kraft Pulp-Phenolic 
Resin Preforms Molded at 800 PSI and 320® F " 


Resin 

Content 

(%) 

Tensile 

Strength 

Flexural 

Strength 

(P«5 

Impact 
Strength 
Notchealsod 
(ft-lb/in 
of notch) 

Water 
Absorption 
24 hr 
(%) 

55 

13,400 ± 1130 

18,200 ± 1050 

1.09 ± 0.18 

0.42 

45 

18,500 ± 1170 

16,400 ± 710 

2.72 ± 0.16 

0.64 

35 

12,600 ± 1140 

18,600 ± 1365 

4.80 ± 0.57 

0.82 

25 

12,600 ± 330 

15,200 ± 575 

6.64 ± 0.78 

24.3 

15 

12,200 ± 1030 

14,000 ± 740 

6.96 ± 0.64 

70.6 


in the case of pulp-resin products. Table 8 shows the dependence of 
physical properties upon the type of fiber used in the preform. 

Applications. Applications of molded phenolics are determined pri- 
marily by their physical properties which, to a considerable extent, are 
contingent upon the filler. Prior to Pearl Harbor, by far the largest num- 
ber of molded articles were made from general purpose, wood flour filled 
compounds. Electrical insulating characteristics of these materials are 
good, although they are subject to tracking and should not be used for 
high voltage applications. While their heat resistance is not as high as 
that of asbestos filled products, it is sufficiently good for such ordinary 
uses as electric light sockets, plugs, and switches. Moisture absorption 
is also good enough for most general purpose electrical applications, al- 
though those uses which demand extreme moisture resistance and rigid 
dimensional stability in the presence of water at elevated temperature 
require other fillers, such as schist mica. Typical applications of general 
purpose phenolics include boxes, closures, novelties, machine parts, hous- 
ings, electrical appliances, office equipment parts, camera cases, handles, 
knobs, radio tube bases, switch plates, wall plugs, door knobs, pencil 
barrels, housings for door chimes, house numbers, razor cases, and radio 
cabinets. 

Prior to World War II, about 90 per cent of all molded phenolics were 
of the general purpose, low impact type. Military requirements caused 
such an increase in demand for materials of moderately good or high 
impact that, in 1942, some 60 per cent of the molding materials produced 
in this country possessed improved shock resistance as compared with 
general purpose, wood flour filled materials. 

Cotton flock filled phenolics find application where impact strength 
requirements are higher than can be satisfied by general purpose com- 
pounds. One hundred per cent cotton-filled materials show relatively 
high impact strength, as illustrated by telephone parts, typewriter space 
bars, housings and tool parts which are molded from such material. 
For still more severe applications, such as conduit elbows or bubble caps 
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for distillation towers, chopped fabric fillers are employed. Two-way 
creped paper, impregnated with resin and molded, has already been men- 
tioned. This is a new development and applications have been largely 
military. 

Impregnated sisal batting, sold under the trade name '^Co-Ro-Lite,'' 
can be molded under high pressure by conventional methods or under low 
pressure by the rubber bag technique. Although rigid, it is somewhat 
flexible and has therefore found use in solid hubs with flexible peripheries. 
It is used in abrasive disc backing, in trays, and airplane gas tank baffles. 
An important military application has been in jettison gasoline tanks. 

Important uses of pulp-resin products are in military parts, printing 
matrices, and cafeteria trays. Plastic outlet boxes of this type are under 
development. Typewriter frames have been molded experimentally to re- 
place die-cast aluminum. 

The much publicized Ford automobile body and such body parts as 
rear trunk compartment doors have been made from these materials. 
There is, however, considerable room for discussion concerning the prac- 
ticability of high-pressure molded all-plastic automobile bodies. In such 
uses, economic aspects play an important role. One must always ask, 
^What is to be gained by use of a plastic in place of sheet metal or what- 
ever other material may be employed at present?^^ As a rule, mere novelty 
is no justification. 

For special electrical applications, molding powders filled with in- 
organic materials are used, as in automotive ignition parts, rotors, coil 
tops, distributor caps, and radio condensers. 

Asbestos filled phenolics are heat resistant and find application in flat- 
iron handles, connector plugs, stove parts, and kitchenware handles. 
Where washed with acid to remove iron or where fired at high tempera- 
tures, asbestos fillers may also be used in molded plastics destined for 
such electrical applications as distributor caps. 

Special molding powders find a diversity of applications ranging from 
jars and valves to rayon equipment, bearings, facings, and coffins. 

Especially unique applications are to be found in molded brake linings 
and abrasive wheels w^here phenolic resins serve as binders for the main 
body of the article. Other materials of resinous nature, such as hard 
rubber, may be combined with phenolics in these vitally important uses. 

Military applications of molded phenolics have been legion. With the 
important exception of buttons, high impact materials are essential in 
practically all cases, while extreme ranges of temperature, from arctic to 
tropic, must have relatively little effect upop shock resistance and other 
physical properties. Phenolic housings for control devices and navigation 
instruments such as altimeter gages on planes are invaluable. The dielec- 



PHENOLIC PLASTICS 


141 

trie properties of molded phenolics are utilized at many points in radio 
transmitting and receiving equipment and direction finders of planes, 
in field telephonic equipment, and in electrical systems of all types of 
military weapons. Stocks for sub-machine guns are molded from high 
impact phenolics, as are also nose-pieces for trench mortar shells, hand 
grenades, training scabbards, jettison gasoline tanks for aircraft and in- 
numerable other articles. 

Trade Names and Statistics. Phenolic molding compounds are pro- 
duced by some fifteen manufacturers. Several of these companies do their 
own molding; the majority sell to custom molders. Important names are 
‘‘Bakelite,^’ ^^Durez,’^ “Heresite,^’ “Indur,^^ ‘Tnsurok,” “Makalot,’’ “Mi- 
carta,’' “Resinox,” and “Textolite” in the case of phenol-formaldehyde 
plastics and “Duritc” in the case of phenol-furfural compounds. Some 
of these trade-marks are also applied to other types of plasties; thus, for 
example, one should specify “Bakelite” phenolic. 

Prices run from about 15 cents per pound for general purpose molding 
powders to about 50 cents per pound for special mineral-filled materials 
designed for x-ray opacity. 

In 1943, approximately 60,000,000 pounds of phenol-formaldehyde 
resins, not including fillers, were consumed in the manufacture of phenolic 
molding powders. 

Laminated Articles 

Manufacture. In the very early days of the phenolic resin industry, 
phenol was used for the production of laminating varnishes. During 
World War I, however, the demand for this chemical in explosives of the 
picrate type was so great that efforts were made to develop cresylic acid 
cuts for laminating applications. It was found that these intermediates 
were, in fact, superior to phenol itself from the point of view of yielding 
resins of longer curing time, an advantage in laminating technique. Until 
the entry of the United States in World War II, therefore, cresylic* acid 
cuts, substantially free of o-cresol, remained the chief intermediates used 
in laminated materials. Because of the demand which arose after Pearl 
Harbor for increased production of plasticizers and other chemicals de- 
rived from the cresols, a marked shift back toward the use of phenol 
itself has occurred during the past few years. 

The manufacture of laminated products has already been discussed and 
illustrated in Chapter 5. Phenol or cresylic acid is first admixed with 
formalin and with ammonia, the latter serving as catalyst. The reaction 
mixture is heated until resinification has proceeded well into the soluble 
A-stage and vacuum is then applied to remove most of the water. Alcohol 
is added directly to the reactor and the resultant solution is cooled and 
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transferred to troughs through which sheet material — paper, cloth, as- 
bestos paper, asbestos cloth, or glass fabric is passed. The solvent is 
evaporated and the impregnated sheet material is then wound up on rolls 
and subsequently cut to size. Cut sheets are superimposed upon each 
other, the total required to yield a given thickness being determined by 
weight. The piles of impregnated sheets are then compressed under heat. 



Courtesy Westinghouse Electric & Mfg. Co. 


Figure 60. Reaction kettle where phenolic laminating 
resin is thinned to a consistency that will permit it to 
saturate the paper or cloth base. 

As a rule, lamination is carried out at temperatures of about 160 to 
190° and under pressures of 1000 to 2000 pounds per square inch. To 
avoid blistering, pressure should be maintained not only during heating 
and curing operations, but also while cooling. For a typical laminating 
cycle, reference should be made to Chapter 6. 

Rods and tubes are fabricated by comparable processes in which the 
sheet material is wound about mandrels, under heavy roller pressure, be- 
fore curing. In the case of rods, the mandrel is small and is removed be- 
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fore molding tinder heat and pressure. Where tubes are to be made, the 
mandrel is first covered with a specially selected grade of waxed paper and 
the laminate is cured before the core is removed, the waxed paper facilitat- 
ing its subsequent elimination. Tubes may be molded under heat and 
})ressure comparable to conditions given above, or they may be simply 
baked without pressure. In the latter case, there is some minor porosity 
of the finished plastic so that its density is slightly lower and its water 
absorption somewhat greater than in the case of pressure-molded tubes. 
Oven-baked tubes can be distinguished from those molded under high 
pressure by Jack of surface luster and absence of mold parting lines. 
Tubes are occasionally w'ound spirally. 

Angles, channels, and zees arc also available in standard shapes and 
sizes from several manufacturers. 

In the production of decorative sheets from laminated ])henolics, the 
top layer may be of paper or cloth printed or dyed in any appropriate de- 
sign and color. Light shades can be obtained b}" using a urea-formalde- 
hyde or melamine-formaldehyde resin in place of phenolic. In order to 
provide special properties, such as resistance to cigaret burns for cafe 
table tops, a thin sheet of metal, usually perforated, may be imbedded 
beneath the surface layer in order to conduct heat away quickly from 
localized spots. Use of metal inlays further broadens decorative pos- 
sibilities. 

Although thermosetting plastics are commonly said to be completely 
cured and therefore refractory to forming after lamination is completed, 
it has recently been found possible to impart relatively simple shapes to 
laminated phenolic sheet by heating to about 300® F and forming over 
wood or other simple molds. Heating may be conveniently carried out in 
oil or other fluid media or it may be carried out dry by means of infra- 
red. Reverse curves may even be formed with care. For such fabricating 
j>rocedures, although fully cured stock may be employed, it is preferable 
to use laminates which have been only partially cured, subsequently com- 
}>leting the cure, if necessary, in an oven. Special resins suitable for 
laminates destined for post-forming arc now available. Greater ease of 
forming is achieved by use of loosely w^oven or knitted fabric bases. Paper 
laminates are more difficult to post-form than fabric base materials, ac- 
cepted radius-to-thickness ratios for these two general classes of lam- 
inates being 15 and 3.6 respectively. 

Properties. Laminated phenolics have been used for many years in 
innumerable industrial applications* Even before phenolic resins were 
known, the electrical industry made use of laminated boards impregnated 
with shellac and copal which possess excellent electrical insulating char- 
acteristics below about 70®, at which temperature these natural resins 



Courtesy W estinghouse Electric & Mfg, Co» 

Figure 61 . Heating a laminated phenolic sheet for 
post-forming prior to molding. The operation shown 
here is carried out in an infrared oven. 



Courtesy Westinghouse Electric & Mfg, Co. 


Figure 62. A power press with wooden molds used in 
post-forming a laminated phenolic aircraft cable guard. 
144 
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begin to soften. The National Association of Electrical Manufacturers, 
therefore, was quick to see the advantages of laminated phenolic plastics 
which could be classified according to standard specifications. NEMA 
standards have been set up for several grades of laminated phenolics and 
a nomenclature has been adopted by this organization to which the prin- 
cipal laminators adhere. NEMA grades of laminated phenolic sheet ma- 
terial are as follows: 

^^Grade X. A strong paper base laminated material primarily intended 
for mechanical applications where electrical requirements are of secondary 
importance. Should be used with discretion when high humidity condi- 
tions are encountered. Not equal to fabric base grades in impact strength. 

*"Grade P. A paper base laminated material primarily intended for 
punching. More flexible and not quite as strong as Grade X. Moisture 
resistance and electrical properties intermediate between Grades X and 
XX. 

^^Grade XX. A paper base laminated material suitable for usual elec- 
trical applications. Good maohinability. 

Grade XX P. A paper base laminated material similar to Grade XX 
in electrical and moisture resisting properties, but more suitable for hot 
punching. Intermediate between Grade P and XX in punching and cold 
flow characteristics. 

^‘Grade XXX. A paper base laminated material, suitable for radio fre- 
quency work, for high humidity applications, and with minimum cold 
flow characteristics. 

Grade XXXP. A paper base laminated material similar to Grade 
XXX, but having lower dielectric losses and being more suitable for hot 
punching. This grade has greater cold flow than Grade XXX, and is 
intermediate between Grades XXP and XXX in punching characteristics. 

**Grade C. A fabric base laminated material made throughout from 
cotton fabric weighing over 4 oz per square yard and having a count as 
determined from inspection of the laminated plate of not more than 72 
threads per inch in the filler direction, nor more than 140 threads per 
inch total in both warp and filler directions. A strong, tough material 
suitable for gears and other applications requiring high impact. The 
heavier the fabric base used the higher wdll be the impact strength, but 
the rougher the machined edge ; consequently, there may be several sub- 
grades in this class adapted for various sizes of gears and types of me- 
chanical service. Should not be used for electrical applications except for 
low voltages. 

''Grade CE. A fabric base’, laminated material of the same fabric 
weight, and thread count as Grade C. For electrical applications requir- 
ing greater toughness than Grade XX, or mechanical applications requir- 
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ing greater resistance to moisture than Grade C. Exceptionally good in 
moisture resistance. 

*^Grade L. A fine weave fabric base lamiiiated material made through- 
out from cotton fabric weighing 4 oz or less per square yard. As deter- 
mined by inspection of the laminated plate, the minimum thread count* 
per inch in any ply shall be 72 in the filler direction and 140 total in both 
warp and filler directions. For purpose of identification, the surface sheets 
shall have a minimum thread count of 80 threads per inch in each of the 
warp and filler directions. This grade is suitable for small gears and 
other fine machining applications, particularly in thickness under % inch. 
Not quite as tough as Grade C. Should not be used for electrical applica- 
tion except for low voltage. 

*^Grade LE, A fine weave fabric base laminated material of the same 
fabric weight, and thread count as Grade L. For electrical applications 
requiring greater toughness than Grade XX. Better machining properties 
and finer appearance than Grade CE — also, available in thinner sizes. 
Exceptionally good in moisture resistance. 

*‘Grade A. An asbestos paper base laminated material. More resistant 
to flame and slightly more resistant to heat than other laminated grades 
because of high inorganic content. Suitable for only low voltage applica- 
tions. Minimum dimensional changes when exposed to moisture. 

*^Grade AA. An asbestos fabric base laminated material. Similar to 
Grade A but stronger and tougher. Minimum dimensional changes when 
exposed to moisture.^' 

Properties of laminated phenolics are typified by those of various grades 
of ‘^Micarta,^^ listed in Table 9. 

Applications. Phenolic laminated plastics offer almost unlimited pos- 
sibilities in decoration because of the variety which can be obtained in 
color and pattern of the surface sheet. Their utility in the construction of 
table tops, counters, and show cases for restaurants, cafes, and stores is 
well known. Their use in modern design is exemplified by the dining cars 
and lounges of the Twentieth Century Limited, in which they have been 
extensively employed. They have found use in the panelling of lobbies, 
offices, and even store and theater fronts. Shaped laminated door panels 
for domestic refrigerators have been introduced. 

Electrical applications of laminated phenolics have already been men- 
tioned. Unusually severe service conditions, such as insulating panels in 
battleships where extraordinary strength and impact resistance are re- 
quired have been met by glass fiber fabric base laminated phenolics. 

Laminated phenolics have proved invaluable in much industrial equip- 
ment. The silent gear of the automobile timing train no longer has any 
element of novelty. Phenolic gears, both large and small, are common- 



Table 9. Mechanical and Electrical Properties of Laminated '^Micarta 
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place on numerous machines. Laminated phenolic bearings have becomp 
standard equipment in much heavy machinery, especially where water 
can be used as lubricant. In rolling mills, the life of phenolic bearings 
is often from ten to thirty times that of babbitt metal or bronze. In 
the paper Indus tr/, where large volumes of water are handled, not only 
bearings, but doctor blades, table rolls, forming boards, and suction box 
covers are made from laminates. 

The combination of strength and light weight of these materials has 
led to important applications in airplane production. There are several 



Courtesy Westinghouse Electric & Mfg, Co. 


Figure 63. Infrared drying of ‘‘Micarta^* army helmets in 95 
seconds as compared with 15 minutes by the oven method. During 
the war, these plastic liners were dried at the rate of 500 an hour 
by this means. 

hundred laminated phenolic pulleys in tlie control mechanism assembly 
of every transport and military plane. Fairleads, propeller supports, 
cabin air controls, body struts, and reinforcing elements for gas tanks 
are other aircraft applications of these materials. 

Molded-laminated miners^ and firemen’s helmets have been manu- 
factured for several years. Liners for military helmets are of more recent 
development, in the production of which low-pressure molding methto^S 
have been applied. 

The use of fluorescent dyes and pigments is an innovation which has 
resulted in laminates that fluoresce under ultraviolet light. Phosphorescent 



PHENOLIC PLASTICS 149 

laminates are also available. Fluorescent laminated instrument panels 
are now standard installations in military planes. 

Low-Pressure Laminates. Following the entry of the United States 
into World War II, the demand for large molded plastic parts increased 
rapidly. Aircraft manufacturers were especially active in seeking large 
moldings — a search which led to the development of so-called low-pres- 
sure and no-pressure molding methods. Phenolic resins are available for 
low pressure molding in Kirksitc (cast zinc alloy) or analogous molds 
where pressures up to about 250 pounds per square inch are employed. 
It has also been found that some of the older laminating resins can be 
used for no-pressure molding-laminating at contact pressures only. 
Principal applications have thus far been chiefly military, such as non- 
structural aircraft parts and helmet liners. 

It has been found that the best strength characteristics are obtained 
in low-pressure laminates by use of glass fabrics as a base material. An- 
other very useful base material has appeared in the form of Mitscherlich 
and analogous high-strength papers. Initial work in the latter develop- 
ment was carried out at the U. S. Forest Products Laboratory. Several 
paper companies are now manufacturing high strength products for 
plastics application. For the most part these materials are special sulfite 
papers in which cellulosic degradation has been held to a minimum and 
in which the fibers are oriented in one direction. In order to obtain prod- 
ucts with ai)proximately homogeneous strength characteristics, high 
strength paper laminates must be built up by crossing successive layers at 
right angles to each other, for strength within an individual sheet is 
greatest in the direction of orientation. 

Mechanical properties of typical high-strength paper base laminates 
are given in Tabic 10. It will be noted, for example, that tensile strength 
values are approximately double those previously given for the customary 
Grade X high-pressure paper base laminates. Glass fabric yields laminates 
possessing still higher strength characteristics, ultimate tensile strength 
values reaching 37,000 pounds per square inch or more. 

Trade Names and Statistics. Resins and varnishes for laminating 
l)urposes are available from the makers of molding powders under the 
same trade designations as have been given above. High-pressure lami- 
nated sheets, rods, and tubes are produced by some fifteen concerns, many 
of whom make their own resins. These same companies carry out limited 
molding-laminating operations, such as fabrication of pulleys and hats, 
while they also supply finish-machined laminated articles like gears and 
washers. Best known trade names of high-pressure laminates are “Aqua- 
lite,” ^^DHecto,” ^‘DUraloy,^ ^Toriqica,'’ 'Tnsurok,*’ ‘^Lamicoid,’^ ^‘Mi- 
carta, “?anelyte/’ ‘Thenolyte,” ‘‘Spauldite,** **Synthane,** “Taylor, and 
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Table 10. Mechanical Characteristics of High-Strength-Papcr Phenolic Laminates « 


Paper^buie Plastic 


Property 

Parallel 

Laminated 

Cross 

Lamiiiated 

Specific gravity 

1.35-1.40. 

1.36-1.40 

Tension 

Ultimate, with gram, psi 

35,000 

25,000 

tUtimatc, across grain, psi 

18,000 

25,000 

2,300,000 

Modulus of elasticity, with grain, psi 

3,000,000 

Modulus of elasticity, across gram, i>si 

1,500,000 

2,300,000 

Compression 

Ultimate, edgewise with grain, psi 

19,000 

18,000 

Ultimate, edgewise across grain, psi 

17,000 

18,000 

Ultimate, flatwise, psi 

40,000 

40,000 

Flexure 

Modulus of rupture, witli grain, psi 

32,000 

26,000 

Modulus of rupture, across grain, psi 

20,000 

26,000 

Modulus of elasticity, with gram, psi 

3,000,000 

2,000,000 

Modulus of elasticity, across grain, psi 

1,500,000 

2,000,000 

Shear 

Edgewise, across grain, psi 

13,500 

13,000 

Edgewise, with grain, psi 

13,000 

13,000 

Flatwise, across gram, psi 

12,500 

11,500 

Flatwise, with grain, psi 

11,000 

11,500 

Bearing — mean values 

With gram, psi 

30,000 

30,000 

Across gram, psi 

30,000 

30,000 

Hardness, Rockwell 

M 100 

M 100 

Water absorption (24 lir total immersion) 

3^ X 1 X 3 in specimen (unsealed edges), per cent 

3-4 

3-4 

3^ X 1 X 3 in specimen (sealed edges) i>er cent 

1-2 

1-2 


Remarks: (1) Material is not affected by oil or high octane gasoline. 
(2) The above values may be used for design. 


''Textolite.^’ Most manufacturers specialize in industrial laminates. Im- 
pregnated ])ai)cr and fabrics for laminating arc also available from several 
manufacturers. 

Low-pressui'c laminates are fabricated by a considerable number of 
aircraft, marine, and other manufacturers using special resins available 
under such trade names as ‘‘Bakelite,” ^‘Durez,’^ and “Resinox.” 

Prices vary widely, depending upon thi(*kncss, permissible tolerance, 
quantity, shape, and base material used in laminating. Average figures 
for sheet material in lots of 300 pounds or over are : paper base — 

60 cents per pound, cotton fabric base — SI per pound, asbestos fabric 
base — $1.20 per pound. Prices of low pressure laminating resins aver- 
age 25 to 35 cents per pound. 

In 1941, some 50,000,000 pounds of phenolic resins wew used in the 
manufacture of laminated products. 
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Pl3n¥Ood 

Closely allied to laminated phenolic is resin-bonded plywood. First 
introduced to this country in 1930 by imports from abroad, American pro- 
duction began in 1935. (Several other synthetic resins — ^notably ureas — 
are also now used in the manufacture of plywood.) 

In the production of this material, little compression occurs. Veneers 
are simply bonded together by use of an appropriate adhesive, with or 
without heat, at pressures which do not usually exceed 200 pounds per 
square inch — sufficient to ensure intimate contact of the surfaces of the 



Courtesy The Resinous Products & Chemical Co. 


Figure 64. ‘^Tego” resin film is interleaved between veneer to prepare 
assemblies for hot-pressing. Each veneer assembly is taped at the edge to 
permit ease of press loading and handling. 


veneers, but insufficient to alter the nature of the wood. Phenolic resin- 
bonded plywood so made resembles in appearance and performance ply- 
wood fabricated with such conventional adhesives as animal or casein 
glue, blood albumin, or soybean protein. It possesses superior character- 
istics in so far as the resinous bond is concerned because of water re- 
sistance, as well as strength and vermin resistance. It is possible to boil 
phenolic bonded plywood indefinitely in water without deterioration 
of the bond. Older adhesives derived from natural glues are more or less 
water soluble and yield plywoods which delaminate after a few minutes 
of immersion in boiling water. 

In accordance with standard practice in all plywood manufacturing, the 
grain of the veneers is usually crossed in alternate layers, in order to give 
a product of fairly homogeneous strength characteristics. The thickness 
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of the veneers and the kind of wood employed can be varied within wide 
limits and in numerous combinations. 

There are three principal ways of fabricating resin-bonded plyVood. 
The first and oldest method is to insert, between successive wood veneers, 
sheets of very thin tissue paper which have been impregnated with 
phenolic resin and dried free of solvent. These impregnated resin sheets, 
sold under the trade name “Tego^' film, contain about twice as much resin 
as paper by weight. Bonding is then carried out by means of heat and 



Courtesy The Resinous Products & Chemical Co, 


Figure 65. The '‘Tego”-veneer assemblies, placed between aluminum 
cauls, are inserted in the hot press. Here, temperatures of 280-^20® F 
and pressures of 200 psi cure the resin, producing waterproof plywood. 

relatively low pressure. In the second method, a solution of phenolic 
resin is spread onto each of the contacting surfaces of wood veneers, 
solvent evaporated, and bonding again carried out by means of heat and 
low pressure. In both of these methods, the moisture content of the wood 
must be carefully controlled within precise limits — ^usually about 6 per 
cent in the first method and from 7 to 10 per cent in the second. These 
moisture contents are essential for proper flow of the resin and good bond- 
ing at the time of heating. 

Shaped articles can be fabricated from resin-bonded plywood by form- 
ing the veneers over relatively simple molds during the curing operation. 
So-called rubber bag methods have proved especially effective in the shap- 
ing of airplane noses and fuselages*' for trainer planes. These methods 
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consist of laying out the laminated veneer over a wood or other inexpen- 
sive form and enclosing the whole system within a rubber bag which is 
then evacuated, forcing the veneer against the inner form. Baking is 
carried out while the bag is still evacuated. The finished, bonded plywood 
retains the shape imparted at the time of curing. This, essentially, is the 
method of the so-callcd ^^VidaP^ or ‘^Duramold” process. A similar pro- 
cedure involves the inverse operation of curing while the plywood is 
forced against an outer frame by means of an inflated rubber bag within. 
Figure 36 gives a diagrammatic sketch of bag molding methods. 



Courtesy The Resinous Products & Chemical Co. 


Figure 66. For the manufacture of compound curved plywood 
sections, Ih^ bag molding technique is used. Here layers of veneer 
and “Togo” resin film are being laid up to form one-half the 
fuselage of a Fairchild airplane. An inflated rubber bag placed 
inside the mold applies heat and pressure. Steam lines also heat 
the concave face of the mold. 


A third, relatively new way of manufacturing resin-bonded plywood is 
by utilizing a phenolic resin solution capable of being cured at room 
temperature upon addition of a catalyst. While pressure is required, the 
necessity for heat is eliminated. Adhesives based upon resorcinol, such 
as “Penacolite,” offer considerable promise here. 

Resin-bonded plywoods have found wide acceptance in marine, auto- 
motive, and constructional fields. A tremendous future is in store for 
these materials in civilian and industrial applications. Military uses dur- 
ing World War II were spectacular. Army chests, packing cases, field 
kits, pontoons, and all sorts of furniture for cantonments were made of 
resin-bonded plywood. Millions of feet of this material — even panels 
eighty feet in length — ^have been used in ship construction especially in 
motor torpedo boats. Plywood flooring, control surfaces, and leading 






Courtesy The Cirdler Corp, 


Figure 67. Two loads of veneer, with electrode between, are ready to roll 
into the press for the manufacture of plywood by the use of “Thennex” high 
frequency heat. 



Figure 68. Removing plywood 
cylinders from the mold after 
curing with “Thermex” high fre- 
quency dielectric heating. 


Courtesy The Girdlci Corp, 
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edges of wings are standard equipment for many planes. The Glenn L. 
Martin Co. has equipped bombers with phenolic-bonded plywood bomb 
bay doors, fourteen feet in length and weighing fifty pounds, built of 
poplar and mahogany. Millions of feet of flat resin-bonded plywood have 
gone into the construction of wings, fuselages, bulkheads, gusset plates, 
and interior surfaces of bombers, pursuit ships, and trainers for both the 
United States and Great Britain. Resin-bonded plywood fuselages for 
trainers and twin-motored planes have been manufa(‘tured. Plywood 
noses have been standard equipment on the Canadian Avro-Ansco bomber. 
The Mosquito fighler-boml)or was a plywood plane. 

All the methods described above result in resin-bonded plywood who^^je 
density is substantially the same as the wood from which it is made. 
Compressed or compregnated wood (Compreg) consists of layers of wood 
veneer bonded together un<ler sufficiently high pressure (from 500 to 2000 
lbs per sq in) to compress the wood, thus increasing its density and tensile 
strength proportionately. 

The density of compressed wood is about 1.35. One method of manu- 
facture involves lamination of very thin veneers of wood with alternate 
layers of resin-impregnated tissue paper and bonding under heat and 
elevated pressure. The product, in which the resin pick-up is 10-15 per 
cent, is called superpressed plywood. “Tegowood” is a material of this 
kind. Compressed wood can also be produced by impregnating wood 
veneers with resin solution, evaporating the solvent, and again bonding 
under heat and elevated pressure. Resin pick-u]) in this case is from 
25 to 35 per cent. The product is called imj^roved wood. “Pregwood’’ 
is of this type. 

Compressed wood has become popular in building construction, espe- 
cially for interior finishing where both its decorative qualities and its 
improved mechanical, fire-resistant, and vermin-proof characteristics 
recommend it. 

Intermediate in properties between these two types of compressed 
wood is “Impreg,” made by impregnating the veneers and bonding under 
normal plywood pressures. Here, resin pick-up is in the order of 25 
per cent. 

Table 11 compares the strength properties of Compreg with those of 
several other structural materials. 

Metal Reinforced Laminates 

Allied with laminated products are various combinations of steel with 
other sheet materials, especially thin veneers of wood. Such metal- 
backed wood is available commercially where the thickness of wood 
veneer is as low as 1/85 inch. These products can be bent around corners 
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of very small radii without cracking. Interior wall panels are thus avail- 
able which combine beauty of the wood with mechanical strength, fire- 
proof character, and versatility of steel. These steel-wood combinations 
have been produced, for example, by uniting wood veneer with '^Robert- 
son Bonded Metal.’’ The latter is a specially prepared sheet steel coated 
with a relatively soft solder which serves as bond for a sheet of cloth 
partially imbedded therein. The surface layer of the cloth thus me- 
chanically attached to the steel is impregnated with phenolic resin and 
united with wood veneer or any other desired material by the usual lami- 
nating methods. 

Miscellaneous Wood-Resin Products 

Bonfling of wood veneers by means of phenolic resins, either with or 
without impregnation, has given rise to several other interesting products. 
United with high-strength paper laminates, combined structural-decora- 
tive applications are under development. In these assemblies, it is neces- 
sary to be certain that the same weight of veneer is applied to each side 
of the laminate in order to avoid warpage. Woven impregnated wood 
veneers, bonded under high pressure and united with any suitable base 
material, have been developed for decorative panels, ceilings, table tops, 
and even suitcase coverings and book covers. Such products are sold un- 
der the trade name, "Parkwood-Textolite.” Still another significant com- 
bination of phenolic resins with wood veneers is to be found in wall cover- 
ing produced by resin-bonding numerous types of wood in thin veneer 
form to a paper or fabric base which can be applied in much the same 
manner as wall paper itself. 

Cast Phenolics 

Manufacture. Cast phenolics have found great favor in costume 
jewelry and objets d’art because of their clarity, the brilliant colors 
which can be imparted to them by oil-soluble dyes, and the marbled 
effects which can be produced by artful use of pigments. Until recently, 
their use has been restricted to decorative and ornamental fields, but dur- 
ing the past few years they have forced entry into industry. Because 
their major applications arc still artistic in nature, it is especially impor- 
tant to observe caution in the selection of synthetic, high-grade, colorless 
phenol for their manufacture. All equipment must be constructed of such 
materials that the reactants will not be contaminated with discoloring 
impurities which might be introduced by slight reaction therewith. Nickel 
or nickel-clad apparatus is customary, including pipelines, valves, pumps, 
and reaction kettles. An exception is equipment* handling formaldehyde. 
This is made of aluminum. 
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During their early stages, cast phenolic resins arc manufactured in 
much the same manner as molding and laminating resins, except that the 
catalyst employed is ordinarily either sodium or potassium hydroxide. 
According to one process, when resinification has reached a sufficiently 
advanced point, lactic acid or an analogous acidic material is added to 
neutralize the alkaline catalyst and, at the same time, yield a salt wliich 



Courtesy Catahn Corp. 

Figure 69. Liquid phenolic rMt?ting resin being drawn 
into pouring pot from reaction kettle. 

will not precipitate. Most of the water is removed, but not as much as in 
the case of either molding or laminating resins. Glycerol is then added 
in order to assist in dispersing the remaining water, as well as that pro- 
duced upon further condensation. It is essential that the water present 
in the finished plastic be uniformly distributed throughout. Both the total 
amount of water and the quantity of added glycerol determine the size of 
the dispersed globules of water. This globule size, in turn, determines the 
translucency or opacity of the finished plastic. 

Dyes and pigments are added and the resin is usually hand-poured into 
molds — ^lead, glass, or latex-coated plaster-of-Paris — ^where resinification 
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is completed by standing for periods up to five days at temperatures up to 
85®, usually in a heated chamber. 

Other types of cast phenolics are produced which contain neither 
glycerol nor lactic acid salts. 

The manufacture of cast phenolics lias been further discussed and 
illustrated in Chapter 5. 

Properties. Cast phenolics are available in colors ranging from color- 
less transparent to marbled black. All colors of the rainbow are obtained 
in sparkling hues. This is the outstanding fact which fits them for most 
of their applications. Usually the dimensional stability of cast phenolics 
is not as good as that of molded products for resinification continues 
within the plastic over a considerable period of time, resulting in volume 
changes. 

Properties of cast phenolics are exemplified by those of ^^Catalin,^^ 
listed in Table 12. 

Applications. The bulk of cast phenolics are produced in the form of 
sheets, rods, tubes, balls, and special rods — square, hexagonal, octagonal, 
fluted, cloverleaf, etc. From these standard shapes, finished articles are 
fabricated by machining and polishing. The latter is done by tumbling 
with shoe jiegs or pumice, or by buffing wdth a muslin wheel. Combs, 
brush backs, buttons, buckles, jew’elry, book ends, smokers* accessories, 
display fixtures, and ladies’ handbag frames are typical applications of 
cast phenolics machined from stock shapes. Special castings are made in 
the production of small radio cabinets. The largest all-resin articles yet 
produced w ere several figures nine feet high and nine feet across the base, 
lighted from within, designed by the artist Mancuso and cast in rubber- 
lined molds for the Federal Building of the 1940 New York World’s Fair. 

S])e(*ially formulated and treated cast resins of superior dimensional 
stability have been used in the construction of the revolving cap container 
used on automatic bottle capping machinery, in guide shoes for oil well 
drilling casings, and in dies used in forming aluminum aircraft parts. 
Walnut shell flour is often preferred as a filler in such products. Al- 
though such industrial applications of cast phenolics have increased re- 
cently, they are still limited in number. 

Trade Names and Statistics. Cast phenolics were made industrially 
as early as 1914, but they have become w^ell known only during the past 
fifteen years. In 1941 they were produced by seven American companies 
to the extent of 7,000,000 pounds. Trade names are “Bakelite** cast 
resinoid, ^^Baker** cast resin, *'Catalin,” ‘‘Gemstone,** “Marblette,** “Opa- 
lon,** and “Prystal.** 

Asbestos-Filled Cast Resins. Unique among phenolic plastics is a 
product knowm under the trade-mark “Haveg,** Although usually not 
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classified as such, ^^Haveg” 41, is substantially a cast phenolic resin filled 
with a special acid-washed asbestos. Unusually large pieces of chemical 
and other industrial equipment are made of “Haveg'' by a process re- 
sembling the manufacture of concrete blocks, in which a putty-like mix- 
ture of resin and fibrous asbestos is loaded into inexpensive molds and 
allowed to cure without the application of pressure. 

Pipe and fittings, valves, fume duct, cylindrical and rectangular tanks, 
covers, and accessories, towers, and special equipment of varied shapes are 
available in standard sizes. Special shapes can be manufactured without 
difficulty. Large vessels are usually re-inforced with metal bands or hoops, 
or wooden staves. 

Cylindrical tanks up to nine feet in diameter and twelve feet in depth 
are manufactured of ‘^Haveg,’' while tanks up to ninety feet in length 
can be made by bolting flanged sections together. Equipment of other 
shapes is available in comparable size. 

“Haveg^^ 41 possesses excellent corrosion resistance and is particularly 
useful in chemical works. It is recommended for temperatures up to 
266® F. It is resistant to most acids and salts, to chlorine, to the weaker 
bases, and to many solvents. It is attacked by hydrofluoric acid, oxidizing 
agents, and strong bases. Another grade of this plastic is manufactured 
with a carbonaceous filler which imparts resistance to hydrofluoric acid. 
A third quality has been developed for resistance to strong alkalies, as 
well as most acids. Nitric acid, sulfuric acid above 50 per cent, chromic* 
acid, sodium hypochlorite, acetone, aniline, pyridine, bromine, and iodine 
should not be used in *‘Haveg^^ equipment. 

Surface Coatings 

Modified Phenolics. The adaptation of phenolic resins to surface 
coatings has taken place, for the most part, during the past twenty years. 
Their introduction was accelerated by the favor with which nitrocellulose 
lacquers were received after World War I, constituting a serious threat to 
drying oil varnishes of the older types. Phenolic resins made from phenol, 
itself, and formaldehyde are not soluble in drying oils. It has been found, 
however, that various natural resins such as the copals and especially rosin 
can be incorporated with the resin during preparation and the resulting 
product, constituting a chemical combination of phenol, formaldehyde, 
and natural resin acids, is then soluble in drying oils and, moreover, 
accelerates their drying. Similarly, fatty acids, especially those of drying 
oils, can be reacted with phenolic resins during their manufacture to 
yield products which are oil-soluble. Tung oil is commonly used as a 
modifier of this type. Modified phenolics of these two kinds, produced 
not only from phenol, but also from its homologs, are employed in the 
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formulation of interior 4-hour drying varnishes, in quick-drying primer 
coats for metals, in long-oil varnishes for exterior application, and in 
rubbing varnishes for wood furniture. They yield protective films of 
superior hardness and high gloss. They can be rubbed as quickly as 
dammar. 

Unmodified Phenolics. It has also been found that several substi- 
tuted i)hcnols are capable of yielding resinous condensation products with 
formaldehyde which dissolve in drying oils to yield solutions which can 



Figure 70. When a phenolic coat- 
ing resin, such as “Amberol” F~77, 
has reached the desired reaction 
point in the kettle it is piped into 
liateh cans. Upon cooling, the redin' 
becomes a hard, translucent solid 
which is subsequently broken into 
•filial 1 lumps. 


Courtesy The Reshtoiis Products 
& Chemical Co. 


be diluted with ])etri)leum thinners. This subject has already been men- 
tioned in discussing the effect of structure of phenol upon resin formation. 
These unmodified oil-soluble phenolics, usually called 100 per cent or 
straight ])henolics, are produced either by alkaline or acidic catalysts. In 
the former case, common catalysts are the hydroxides and sulfites of 
sodium, potassium, and ammonium; in the latter case, mineral acids, 
especially hydrochloric and sulfuric, are employed. Both base- an<l 
acid-catalyzed straight phenolics of the oil-soluble type appear to react 
with drying oils, the former more violently and with considerable foam- 
ing and liberation of gas. As would be expected, base-catalyzed straight 
phenolics cure, under the influence of heat, to C-stage insoluble coatings. 
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They are therefore used, sometimes in conjunction with such natural 
resins as rosin or copal, in the formulation of industrial baking enamels 
and chemical-resistant coatings. 

Acid-catalyzed phenolic resins of the oil-soluble type are used in the 
formulation of air-drying varnishes, often in conjunction with other resins 
such as ester gum, cellulose acetate, and nitrocellulose. They improve gas- 
resistance, adhesion, resistance to water and certain chemicals, and ex- 
terior durability. Drying time is greatly reduced by incorporation of 
these resins in a drying oil, provided they are free of unreacted phenols 
which, on the contrary, behave as oxidation inhibitors and delay drying 
if present as such. Aging characteristics and water-resistance of straight 
phenolics are superior to those of modified phenolics. Acid-catalyzed 
straight phenolics are more fiexible than base-catalyzed resins and hence 
yield more flexible coatings. 

While modified phenolics are produced from pljenol, cresols, and -their 
homologs, the straight 100 per cent oil-soluble phenolics are made either 
from natural xylenols or from synthetic p-phenyl phenol, ter-butyl-, 
ter-amyl-, or sec-octyl-phenols, especially the para compounds which 
yield resins of much better heat-resistance and color stability than their 
isomers. While the xylenols are cheaper than the synthetic alkylated 
phenols, resins derived therefrom tend to discolor somewhat in the light. 
Hence, for some applications, xylenol resins are undesirable, although 
coatings made from them are otherwise durable. Low molecular weight 
condensation products of acetone and phenol are also resinified with 
formaldehyde and used in formulating oil varnishes. 

Other synthetic resins, especially alkyds and coumarones, are some- 
times used in conjunction with phenolics in the formulation of protective 
coatings. They may be reacted with phenolics during the manufacturing 
process. 

Oil-Free Lacquers. Heat-curing lacquers are also produced from 
soluble phenolics without the addition of drying oils, by the use of ap- 
propriate solvents, such as acetone or alcohols. 

Phenolic lacquers of this kind are used for protective coatings on chemi- 
cal equipment which is exposed to corrosive gases, on wooden fume stacks 
in the phosphoric acid industry, on metal parts exposed to hydrogen sul- 
fide and sulfur dioxide (for example, the protective backing of locomotive 
headlight mirrors), on wood, aluminum, iron, steel, and paper parts used 
in the manufacture of rayon and other yams. Such lacquers are in- 
valuable in affording insulation and protection for electrical coils, arma- 
tures, and other windings. The thermoset resins not only possess good 
strength and insulating characteristics, but are also resistant to oil, in- 
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eluding transformer oils, and to both gasoline and water. Huge armatures 
of central power stations are impregnated with phenolic lacquers of this 
type, as are also those of generators and motors running down to less 
than hp. 

Another important application of such resin solutions is in the manu- 
facture of certain types of brake linings. 

Lacquers of this kind can be applied by brushing, spraying, or dipping. 
The latter operation is used for coil impregnation, sometimes by a double- 
dip process in which the solvent-free but unbaked coating is given a 
second treatment. For the most thorough impregnation possible, vacuum 
operations are used. 

Enamels. Phenolic enamels, usually possessing somewhat higher vis- 
cosity than so-called lacquers, but otherwise similar except for the pres- 
ence of pigments, are used for analogous applications such as protective 
coatings on chemical plant equipment and backing for flood-light re- 
flectors. A very important application is as impregnant for salvaging 
porous and sweating castings made of aluminum, brass, nickel and other 
metals. 

Phenolic lacquers are usually baked at temperatures of 120 to 150®, 
baking time ranging from one to twenty-four hours, depending upon the 
job. The baking of impregnated coils, for example, requires a much longer 
period than the curing of an open coating. 

Phenolic-Coated Cloth. Under the trade name ^^Revolite,” thermo- 
setting phenolic resin-coated fabric has been marketed during the past 
few years for many decorative and industrial applications. It is produced 
in a wide variety of colors. Its properties vary extensively, depending 
upon the kind of fabric used. Imitation leather finishes are available. 
It is characterized by excellent pliability. It resists alcohol, oils, soap and 
water, and the elements. It has been utilized in upholstery fabric, slip 
covers, drapes, and shower curtains. “Revolite^^ laundry roll covers fabri- 
cated from asbestos cloth, have received particularly favorable acceptance 
by commercial and institutional laundries which have used them to re- 
place conventional cotton duck coverings. Multiple-ply “Revolite” has 
been adopted in various diaphragm applications, while suitably gummed 
fabric was used extensively during World War II to seal and simul- 
taneously camouflage military planes and tanks shipped across both 
oceans. 

Adhesives. Phenolic resins are used for a variety of adhesive applica- 
tions both as self-hardening and heat-hardening cements. These cements 
are often produced by the consumers, but resins for adhesive applications 
are also available as highly viscous liquids or granular powders which 
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can be made up to a paste with a small amount of alcohol as solvent. 
Fillers such as asbestos and red lead are common, although addition of 
the latter causes rapid hardening. 

Phenolic cements are used for such miscellaneous applications as the 
construction of resistors, commutators, transformers, lightning arresters, 
roof insulators, electric light bulb bases, and bases for radio tubes as well 
as for setting bristles. They are also very important in the manufacture 
of abrasive wheels, in which they are used to bond together the abrasive 
particles of emery or silicon carbide. Once set, these phenolic cements are 
resistant to steam, oil, (‘liemical solvents and reagents, and heat. 

Miscellaneous Products 

A development of the [)ast few years which holds considerable promise 
for the future is the use of certain special resins, produced from polyhydric 
phenols or tannins, in water purification. Some materials of this category 
have been found to possess remarkable acid and base exchange charac*- 
teristics, making practicable th^ir use as organic analogues of the zeolites. 
Such products are available under the trade-mark, “Amberlite.” 

Among other miscellaneous applications of phenolics should be men- 
tioned their utilization in the formulation of printing inks. 

Foamed thermoset phenolics have been developed for insulating appli- 
cations. 

Cashew Nutshell Oil-Formaldehyde Resins 

A novel development in phenolics during the past decade has been the 
introduction of a series of resinous materials based upon the oil derived 
from the outer shell of the cashew nut. This oil contains principally 
anacardic acid, HO-CoiH^oCOj^H, and cardol, The raw mate- 

rial is poisonous to the skin, but, upon heating, anacardic acid is decom- 
posed; the prof)crty of irritating the skin is lost; and the product is 
composed largely of a long-chain unsaturated phenol, cardanol, which has 
been assigned the formula: 

OH 

I 

CH==<®— (CHO 

Cardanol can be catalytically condensed with itself and also with for- 
maldehyde. A wide range of commercial products is made by various 
combinations of these two treatments. They include “Oil Stop,” a thick 
sirupy liquid capable of setting up by addition of paraformaldehyde and 
standing at room temperature. The product is a flexible, oil- and water- 
resistant gelatinous mass, somewhat resembling factice. “Oil Stop” is 
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used in cable splicing on the job, especially where reinforced with alternate 
layers of fabric. Lacquers, sold under the trade name ^'Harvel/^ are used 
in coating applications where unusual and corrosive conditions prevail. 
They have been particularly successful in equipment utilized in canning 
acid fruits and fruit juices, such as pineapple. Various products are sold 
under the trade name “Cardolite.” Casting compositions and pulverulent 
cured materials are included among these substances; perhaps the most 
successful have been those used in brake linings and clutch facings where 
their excellent heat resistance has resulted in increased frictional charac- 
teristics and improved wear. Friction fortifying dusts, rubbery polymers, 
heat reactive liquid binders, and heat reactive molding powders are all 
utilized for these purposes, usually in conjunction with rubber and asbes- 
tos. Certain “Cardolites^’ have also been developed as compounding 
ingredients for rubber and synthetic rubbers, and as modifying agents in 
phenolic resin manufacture to improve impact strength. 
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Chapter 7 
Urea Plastics 


History 

The earliest remark concerning formation of an amorphous, insoluble 
material by reaction of urea with formaldehyde was recorded in the scien- 
tific literature in 1884 and occupied exactly one and one-half lines. The 
practical significance of this observation was not recognized for almost 
two score years. In 1918, a valuable discussion of the subject was con- 
tributed by the Englishman, A. E. Dixon, and during the following decade 
a series of developments in several countries finally resulted in commer- 
cial recognition of a new and important group of thermosetting plastics — 
the ureas. 

The first patent in this field was granted to a Czechoslovakian, Hanns 
John, in 1920. Three years later, other patents issuing to the Viennese 
chemist, Fritz Poliak, served as the basis for commercial development 
of a transparent “organic glass” called “Pollopas.” This product, as it 
first appeared, was cast rather than molded and was produced in Vienna 
during the middle ’twenties. Similar materials were soon made in France 
and England under the trade names “Prystal” and “Plass,” respectively. 
This type of i)tastic was imported into the United States as “Luxite” and 
was later manufactured here for a brief period by the Luco Products 
Corporation -of Brooklyn, under the name “Aldur.” Its surface hardness 
was far less than that of glass, although at one time journalistic enthusi- 
iists glowingly predicted its use to satisfy general glazing requirements in 
hospitals, skyscrajjers, and modem homes. The most serious objection to 
cast ureas was lack of weather resistance. Water absorption was high, a 
fact which, coupled with progressive condensation upon standing, caused 
loss of luster, cracking, and rapid failure of parts exposed to an atmos- 
phere varying in humidity. Although the rather equable climate of the 
Continent appears to have permitted acceptance of transparent cast urea 
plastics abroad for a number of years, the more rigorous weather condi- 
tions of the United States speedily sealed their doom in this country. 

In 1926, British developments led to the production of a molding 
powder by the combined use of urea and thiourea, the latter compound 
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improving both strength and water resistance. This product, available in 
a variety of colors, was manufactured by the Beetle Products Company 
of Oldbury, Worcestershire, and was in favor with British molders for 
several years. Patent rights in this country were acquired ,, by the Ameri- 
can Cyanamid Company and molding powders of thiourea plastics were 
put on the domestic market in 1929 under the trade-mark ^^Beetle.’^' They 
were produced to the extent of some 200,000 pounds in 1930, but were rela- 
tively expensive to make, slow to cure, and hard upon the molder be- 
cause the presence of sulfur caused corrosion of all but the most costly 
chromium-plated and stainless steel molds. Molded thiourea plastics 
were therefore also short-lived, although the trade-mark '^Beetle’' was 
preserved for application to future generations of urea plastics. 

At about the same time that all these developments were occurring, a 
seemingly unrelated event transpired. In 1928, the Toledo Scales Co. 
established an Industrial Fellowship at Mellon Institute for the purpose 
of evolving a means of reducing the weight of their butcher^s scale. This 
instrument was then housed in a heavy enamelled oast iron case which 
accounted for a considerable portion of its total weight of 165 pounds. 
Consumer demands dictated a decrease in weight and the logical place to 
begin with was the housing. This could, of course, best be accomplished 
by resorting to a lighter material. Use of a plastic was therefore indicated. 
The only moldable plastics available at that time were the phenolics, but 
their colors were limited to blacks and browns. For market research 
purposes, therefore, a number of experimental black enamelled scales were 
constructed and distributed to several retail meat merchants. Consumer 
tests established the fact that the fairer sex would refuse to purchase 
meat from butchers who used black scales — ^the color being taken as an 
indication of uncleanliness. This psychological factor therefore ruled out 
the phenolics for scale housings and pointed to the desirability of develop- 
ing a light colored plastic. In view of the interesting, though only partially 
successful results which had been achieved abroad in the field of urea 
and thiourea resins, an effort was made to develop a straight urea- 
formaldehyde molding powder. ^Tlaskon’^ was the ultimate successful 
outcome of this research. It was developed and placed upon the market 
for general use some time before scale housings were made of it, but the 
finished housing, subsequently molded by the Plastics Department of the 
General Electric Co., was much larger than moldings previously produced 
and set an imposing precedent for size. 

A few years later, a similar molding powder appeared on the Ameri- 
can market under the trade name “Unyte.** The producers of ^‘Unyte” 
merged with the manufacturers of ^Tlaskon'^ in 1936. Other concerns 
have since entered the field. Meanwhile, the development of relatively 
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inexpensive synthetic urea from carbon dioxide and ammonia assured an 
adequate supply of essential intermediates for these resins. 

During the decade which followed the initial commercial development 
of urea resins, other investigations led to their application as adhesives. 
In England, the Manchester firm of Tootal, Broadhurst, Lee and Co. 
pioneered their utilization as anti-creasing agents for cotton and rayon 
fabrics. Both of these applications are now important in the United States 
while, coincidentally, the use of urea resins in surface coatings has devel- 
oped to significant proportions. 

Chemistry 

In general, the primary amino group in an organic compound is capable 
of reacting with various aldehydes to yield substances which range all the 
way from relatively simple addition or condensation products to complex 
resins. While the final materials obtained may be varied and involved, 
the initial reaction in every case, even though transitory, is presumably 
simple addition across the unsaturation of the carbonyl radical in the 
following sense: 

(1) R— NHa -f H— 0=0 — ^ R—NH— CH— OH 



The ease of reaction (1) and the behavior of its products are deter- 
mined in part by the nature of R and R' and in part by the conditions 
employed. In the production of commercial plastics, formaldehyde is used 
almost exclusively, although for highly specialized applications in resinous 
fire-retardent compositions recent developments point to the utility of 
acetaldehyde as w’ell. Amino compounds utilized for industrial resins and 
plastics include urea, thiourea, melamine, aniline, p-toluene sulfonamide, 
and a few analogs of these compounds. Only urea will be discussed in 
detail in this chapter. As previously indicated, thiourea behaves in much 
the same manner as urea, save that resinous products are slower curing 
and corrode iron molds easily, so that its use has been largely abandoned 
except in laminating applications. 

The reaction between urea and formaldehyde is contingent upon (1) the 
ratio of reactants, (2) the nature of the catalyst (especially pH of the 
reaction mixture), and (3) the temperature of reaction. 

When one mole of urea is dissolved in water and reacted with less than 
one mole of formaldehyde under neutral or alkaline conditions and at 
room temperature, monomethylol urea is formed. If desired, it can be 
isolated from the reaction mixture as a crystalline compound. 

(2) NHa + HjCO — ^ H 2 N— C— NH— CH 2 OH 

A & 
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If an excess of formaldehyde is employed, other conditions remaining 
the same, symmetrical dimethylol urea is produced and it, too, can be 
separated as a crystalline material if desired. 


(3) H 2N~-C-~NH2 + 2 H 2 CO — H0CH2--NH--C-~NH~-CH20H 

h (!i’ 

Under acid conditions, more complex reactions occur. Methylene diurea. 


H./ 




O 

a 


NH— C’— NH 2 


0— NH, 

A 


is formed as well as other amorphous, non-resinous polymeric methyl- 
ene ureas. The constitution of the latter is as yet uncertain; their com- 
position varies with the ratio of reactants. While it is probable that 
monomethylol urea is the first intermediate produced in acid solution, it 
cannot be isolated and reaction proceeds at once to the formation of these 
more complex condensation products. In the production of urea resins, 
therefore, the more readily controllable alkaline conditions are employed 
during initial phases of reaction. 

Upon heating monomethylol urea or dimethylol urea under alkaline 
conditions, water-soluble condensation products are formed which, in com- 
plexity, corresi)ond to B-stage phenolic resins, although they are more 
soluble. If now the solution is made slightly acid, with the pH adjusted 
between 4 and 6, a jelled insoluble resin is produced, especially under the 
influence of heat. Provided some dimethylol urea was originally present 
or is formed during the course of these treatments, an infusible, tridimen- 
sional, thermoset plastic results. Condensation of monomethylol urea 
proceeds in the following manner: 


(4) H— N— CHjIOh' H-|-N-€HJ 0H’"H-i-N-<^H,i0H 

(^O to to to 


NH, 


.1 
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H, 


NH. I 

H— N— CH,— N— CHr-N— OHr-N— CH,OH 

to to to to 




NH, 


NH, 


NH, 


With dimethylol urea, cross-linking of several chains occurs, as for 
example; 
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The molecular weight of the intermediate B-stage water-soluble con- 
densation products averages about 400, corresponding to the reaction of 
some four molecules of urea with about eight molecules of formaldehyde. 
Conversion of these intermediate reaction products to C-stage resins under 
the influence of heat, an acidic catalyst, and pressure is the reaction 
which the custom molder carries out in transforming the molding com- 
pound into a finished shaped article. 
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The reactions which occur during resinification are in all probability 
more complex than those just outlined.' Ethereal linkages of the type 
— QHj — O — CHg — are very likely formed to some extent, while a small 
amount of formaldehyde splits out during condensation. Reactions of urea 
are often very complicated because of its equilibrium with ammonium 
cyanate. A few authorities also believe that a tautomeric form of urea 

NH 

/■ 

C— OH 
^NH, 

enters into reaction with formaldehyde, although the experimental evi- 
dence is not convincing. However this may be, the principle reactions 
are those described above, for both mono- and dimethylol urea can be 
isolated from carefully controlled alkali-catalyzed reactions. 

Dimethylol urea can react with alcohols under the catalytic influence 
of acids. The result is the formation of ethers or, more exactly, half 
formals, in accordance with the general reaction: 

( 6 ) NHCH2OH NHCH2OR 

4- 2HOR ^ io + 2HsO 
I H+ I 

NHCH 2 OH NHCH 2 OK 

The products arc soluble in alcoholic solution and condense further, 
like dimethylol urea itself, with elimination of ROH from two molecules 
of the half formal. Some R groups still remain after condensation, so 
that the B-stage products are soluble in organic solvents and can serve 
as components of surface coatings. 

Molding Powders 

Manufacture. In the production of urea resins, one mole of urea is 
first reacted with from 1.3 to 2.0 moles of formaldehyde in 40 per cent 
aqueous solution. This operation is carried out in the presence of a 
slightly alkaline catalyst, such as dilute sodium hydroxide or triethanol- 
amine, and at a slightly elevated temperature (not over 50°). Because of 
the clarity of the finished resins, extreme cleanliness must be observed 
and condensation is best performed in nickel-clad or glass-lined reactors. 
A water-soluble product is thus formed and the aqueous solution is then 
cooled, filtered, and made slightly acid to a pH of 6 to 7. To the water- 
white solution thus obtained, a-cellulose is added, usually in the form 
of shredded sheets. 

Addition of a-cellulose corresponds to incorporation of fillers in phenolic 
resins. It is used to the extent of 30 to 60 per cent of the total solids 
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content. The effect of adding a-cellulose to urea resins differs from the 
use of fillers with phenolics, however, in that microscopic examination 
of the end-product f^ils to reveal individual particles of cellulose physi- 
cally admixed with resin. It is therefore commonly held that the cellulose 
is dispersed in the resin in a molecular state of subdivision, either by solid 
solution or, more likely, by actual chemical union, probably as a result 
of formation of cellulosic half-acetals. The B-stage resin admixed with 
a-cellulose is dried by removal of water in vacuo at temperatures of 60 
to 80®, the final product having the appearance of popcorn which, indeed, 
it is often called. After drying, it is thoroughly ground with color pig- 



Courtesy Bakelite Corp, 

Figure 71. Charging a mixing unit with urea. 


ments, mold lubricants, latent catalysts, and plasticizers. Inorganic pig- 
ments are ordinarily used as coloring materials, so as to ensure light 
stability. Metal stearates are commonly employed as lubricants. 

Latent catalysts promote further condensation at elevated tempera- 
tures during molding. In the absence of moisture they are ineffective at 
room temperature. They may, however, become aetive even under atmos- 
pheric conditions in the presence of moisture, a fact which necessitates 
storage of urea molding powders in a cool, dry place. Typical latent 
catalysts include salts and esters which develop acidity upon heating, a 
result which may be dependent, in part, upon the presence or liberation 
of small amounts of moisture during molding. Dimethyl oxalate, hydro- 
chlorides of organic amines, and sodium and barium salts of ethyl sulfuric 
acid are examples of such catalysts. 
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The principal plasticizers used are urea, thiourea, or substituted ureas. 
The purpose of these compounds is primarily to combine with imreacted 
formaldehyde and free methylol groups and to increase flow during mold- 
ing. Excess hydroxyl groups which would impair water-resistance are thus 
eliminated and uniformity of cure is ensured. These results are important 
in order to minimize crazing and cracking which might subsequently occur 
because of continued condensation arising from inadequate cure of locab 
ized sections in the mold cavity. Plasticizers also impart limited flexibility 



to the hot-molded pieces, although they have little or no effect at room 
temperature. 

After thorough mixing, the molding compound is packed for shipment 
in the form of fine powder of the consistency of flour ; or it is compressed 
and granulated before packaging, to reduce its bulk factor. 

Molding Conditions. The molding of urea-formaldehyde plastics 
takes place under more restricted conditions than that of their analogs, 
the phenolics. Temperatures are held between 270° and 320° F and pres- 
sures range between 3000 and 9000 Ibs/sq in. Molding time varies from 
^4 to 10 minutes, depending upon size and shape. Molding conditions for 
0.07 inch thick “Plaskon” pieces are shown in Figure 72. 

Conditions yielding good results with a variety of typical “Plaskon” 
moldings are listed in Table 13. 
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As with the phenolics, inserts can be molded into urea plastics without 
diflSculty, provided ample thickness of molded material be allowed around 
the insert to prevent cracking. 

Urea molding powders are manufactured in several degrees of plasticity 
— from hard to extra soft. Special long flowing grades are available for 
complicated moldings and large articles of deep draw. Best moldings are 
obtained with semi-positive, semi-automatic molds in which pressure is 
applied continuously throughout the cycle and in which a seal is main- 
tained on the mold cavity. Cross-sectional thicknesses in excess of inch 
should be avoided. 

Preforming and tableting are commonly practiced. 

Properties. The outstanding property of molded urea plastics is their 
light color. The resins themselves are transparent. The natural color of 
a-cellulose filled ureas is a translucent milky white that can be easily 
converted to a pure solid white by addition of titanium dioxide, or to 
numerous permanent pastel shades and brilliant solid colors by addition 
of other stable pigments. Unlike many other plastics, ureas do not lose 
luster by handling; on the contrary, their polish improves. 

Ureas are less resistant to water than the phenolics and should never 
be used in contact with hot water. When well-cured, however, they are 
sufficiently resistant to water at room temperature to permit application 
in bathroom fixtures and ^^unbreakable^' tumblers. In these applications, 
of course, extreme dimensional stability is not essential and contact with 
water is not sufficiently long to permit saturation of the plastic. Continued 
exposure of urea-formaldehyde plastics to an atmosphere of widely fluctu- 
ating humidity will often give rise to cracks as a result of alternate 
absorption and loss of water. This behavior, common to the early ureas, 
has now been greatly improved. The water absorption of urea plastics is, 
in part, a function of the number of free >NH and — CHj,OH groups 
remaining uncombined in the finished product. Both of these radicals, 
especially the latter, are hydrophilic and tend to absorb water. The best 
plastics are therefore those in which manufacturing and molding condi- 
tions are adjusted to reduce these groups to a minimum. Under-cure, 
caused either by too low temperature or too short time of molding is re- 
flected in poor water resistance. Chalking or whitening of the surface 
will occur if undercured ureas are boiled in water for ten or fifteen 
minutes. Surface cracks may develop in improperly cured test pieces 
which are dried rapidly after boiling. More meaningful breakdown tests 
are sometimes applied to urea moldings by exposing the shaped articles 
to a cycle of an alternate dry, then saturated atmosphere at a tempera- 
ture of 100® F: A 24-hour period is allowed under each set of conditions. 

Urea plastics are not resistant to either weak or strong acids, nor to 




Courtesy Plaskon Division, L,-0,~~F. Glass Co, 

Figure 73. Compressing urea-formaldehyde molding pow- 
der into pills for convenient handling. 
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, Courtesy Plaskon Division, L.-“0,-F, Glass Co. 

Figure 74, Loading “Plaskon” pills into heated steel 
forming mold. 
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Courtesy Plaskon Division, L.—0.~F, Glass to. 

Figure 75. Phantom view showing mold closed and dies in molding 

position. 



Courtesy Plaskon Division, Glass Co* 

Figure 76. Press opened. Molded urea article partly 
ejected from die. 
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CoHrtcsy Plaskon Division, L.-O.-F. Glass Co. 


Figure 77. Molded article and loose parts of mold 
removed 



Figure 78. Finished molded “Plaskon” 
article 


Courtesy Plaskon Division, 
L.—O.—F. Glass Co. 


strong alkalies. On the other hand they show good resistance to weak 
alkalies and are unaffected by organic solvents, including grease and oils. 
They possess neither taste nor odor. 

In order to avoid thermal decomposition with attendant opacification, 
urea-formaldehyde plastics should not be called upon to operate continu- 
ously above 170° F. Temporary use at temperatures up to 240° F will not 
injure them, however, if such exposure is brief. Unlike phenolics, heat- 
resistant ureas cannot be compounded by adding inorganic fillers because 
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the unique effect of a-cellulose is essential to proper strength characteris- 
tics and good moldability. The upper operating temperature limit of urea- 
formaldehyde plastics is of particular importance in illuminating applica- 
tions where it dictates permissible distances from lamp bulb to reflector, 
as shown in Figure 79. 



Figure 79. Relation between wattage and distance of lamp filament from 
“Plaskon” reflector surface in semi-indirect luminaries for safe operating 
temperature of 165® F. 


The translucence of urea-formaldehyde plastics is of great importance 
to illuminating applications. Unpigmented plastic transmits approxi- 
mately 65 per cent of the incident light through sheets 0.040 inch thick. 
Transmissivity can be varied from this figure to zero, being a function of 
pigmentation and thickness. The total light efficiency: 

reflected light + transmitted light 
incident light 

of white urea plastics in thin plates averages about 90 per cent. The rela- 
tionship between light transmission and thickness for two standard illumi- 
nating materials is shown in Figure 80. 

Upon passage of an electric arc across their surface, urea-formaldehyde 
plastics do not carbonize. Unlike the phenolics, therefore, no conducting 
carbon path is formed between electrodes and the ureas can be utilized 
where arc resistance is of importance. 
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Figure 80. Light transmission of ^Tlaskon." 

The principal properties of urea-formaldehyde ])lastics are represented 
by those of ^Tlaskon^^ tabulated in Table 14. 

Among molded jdasties, ureas exhibit unusual surface hardness. Ma- 
ehinability is poor and is not recommended except for simple drilling 
and tapping operations. 

Applications. The brilliance, variety, and lightness of colors available 
in urea plastics, coupled with good molding qualities and other favorable 
characteristics have brought them into high favor for the manufacture 
of a multitude of articles including buttons, buckles, knobs, piano keys, 
watch boxes, handles on ranges and refrigerators, instrument dials, hous- 
ings for radios, scales, meat grinders, clocks, thermostats, and sales 
recorders. Resistance to mild alkalies permits their use in bathroom 
fixtures and tumblers. Lack of taste and odor, and resistance to grease 
and oils, have adapted them to the manufacture of shatter-proof dishes. 
Although the term “non-breakable” is somewhat of an exaggeration, these 
articles can stand much greater abuse than china or glass. At first placed 
on the market primarily for picnic ware, urea dishes are now invaluable 
aboard ships, both merchant and naval, and proved a godsend in public 
kitchens established in blitzed areas of England during the early days of 
World War II. 

Grease, oil, and chemical resistance are also determining factors in the 
use of urea plastics for bottle closures and cosmetic containers, especially 
for salves and creams, and for molded tablet dispenser housings. 
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Table 14. Physical Properties of Molded “Plaskon””’^ 


Property 
Specific Gravity 
Weight per Cubic Inch 
Tensile Strength 
Compressive Strength 
Modulus of Elasticity 
Impact Strength 

Charpy, Unnotched X bar 
Distortion Under Heat 
lb load 

Flexural Strength 
Dielectric Constant 
60 cycles 
10* cycles 
10® cycles 

Dielectric Strength 
Volume Resistivity 
Surface Resistivity 
Power Factor 
60 cycles 
10® cycles 
Hardness 
Brinnell 

500 kilos 10 mm ball 
Scleroscope 
Firth Hardometor 
Mohs Scale 
Heat Resistance 

Continuous Exposure 
Intermittent Exposure 


Value 

1.48-1.50 
0.85-.91 oz, 24-25 gms 

8,000-13,000 lbs per sq in 

25.000- 35,000 lbs per sq in 

1,550,000-1,655,000 lbs per sq in 

0.7-1.2 ft lbs 

7 mils or less at 127® 

10.000- 14,000 lbs per sq in 

7 

6.4 

6.3 

600 volts per mil 
2 to 2.8 X 10^* ohm-cm units 
2 to 2.2 X 10^® ohm-cm units 

0.039 (3.9%) 
0.032 (3.2%) 


48-54 

80-95 

1.14 mm (equivalent to 46 Brinnell) 

3-3.5 

75® 

120 ® 


Because of their unique combination of color, controllable translucency, 
high light efficiency, and relatively good heat stability, urea-formaldehyde 
plastics have made for themselves a well-deserved place in the fabrication 
of electric light shades and reflectors for both filament-type bulbs and 
fluorescent lamps. I.E.S. portable lamp diffusers, reflector bowls for 
commercial lighting, various types of lenses and shades for transparent 
lighting, and numerous types of decorative lamps are now made of urea 
resins. Light weight, as well as impact' resistance, gives these materials 
an advantage over glass and other ceramics. Light reflectors have been 
marketed up to 28 inches in diameter. 

Resistance to tracking and arcing, coupled with relatively high dielec- 
tric strength, adapts the ureas to fabrication of switches, circuit breakers, 
fuse blocks, switchboard parts, line connectors^ plugs, and color-coded 
electric switches for ordinary services as well as in connection with high 
voltages, high frequencies, and insulators which are continually subjected 
to voltage flash-over. 

Urea molding powders are produced by several companies and sold 
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under such trade-marks as ^‘Bakelite’’ urea, “Beetle,” “Plaskon,” and 
“Sylplast.” 

Prices averaged about 32 cents per pound in 1945. 

Of the 48,000,000 pounds of urea resins produced in the United States 
during 1944, approximately 19,000,000 pounds went into the manufacture 
of molding compounds. 

Laminated Products 

Urea resins find considerable application in the production of laminated 
plastics which can be machined in the same way as other laminates. In 
the discussion of phcnolics, it was pointed out that relatively slow curing 
cresylic acid resins were employed for laminating purposes. For the same 
reason, it has been found that slower curing condensation products of 
formaldehyde with mixtures of urea and thiourea are preferable to straight 
ureas for this application. 

The process employed is substantially the same as in the production of 
other laminated goods, save that an aqueous solution of the urea-thiourea 
resin is used and fillers are generally confined to the best grades of rag 
or alpha paper and cloth. The impregnated sheet material is dried at 190® 
to 230® F and is then ready for lamination, the resin content varying from 
45 to 65 per cent. The higher figure is usually attained by double treat- 
ment of the paper and is normally employed for surface sheets to increase 
weather resistance. 

Urea resins arc used in producing light-colored laminates in which the 
surface sheet is impregnated therewith, while the body of the plastic may 
be either urea or phenolic. As in the case of molded ureas, laminates com- 
prising at least a surface sheet impregnated with urea resin can be pro- 
duced in all colors, including whites and pastels, by suitable selection of 
light-stable pigments. The paper of the surface layer may be colored or 
printed, before impregnation, in any appropriate design such as wood, 
marble, or cloth. Matte or grained surfaces are produced by molding 
between engraved plates. Satin finishes are obtained by frictioning the 
cured stock with pumice or other fine abrasive. The use of cut-out designs 
in vari-colored paper or other materials, such as metals, permits wide 
flexibility in the use of inlays, both on the surface and beneath. 

Decorative laminates, usually based on phcnolics with light urea surfaces 
and often backed by plywood, find wide utility as table tops in restaurants, 
cafes, and bars and in lounge and dining cars of modern trains, in counter 
tops of stores, in wall and door panels of office buildings and theatre 
lobbies, in refrigerator door panels, inlaid mural designs, name plates, 
instrument panels, and instruction charts. The last three applications 
have assumed particular importance in military equipment, 
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If all of the laminations are of a high quality paper base and if urea 
resin is used to impregnate them all, then the finished product is translu- 
cent and can be used for numerous applications whose potentialities have 
not yet been fully recognized. Translucent laminates Ys inch thick will 
transmit approximately 48 per cent of the incident light. Both in natural 
and pigmented white, these materials are used for lamp shades and illumi- 
nating panels. If supported mechanically, they can be made to hold slight 
bends, while if they are thin enough, they can even be given a permanent 
simple curvature by heating to a temperature between 250® and 300® F. 
This permanent set can be imparted upon heating in spite of the fact that 
the ureas are thermosetting. 

Translucent laminates are available in many shades. Colored or printed 
designs upon one of the sheets can be made plainly visible by assembling 
it as the next-to-surface layer. In this manner, it can not only be seen 
readily, but it is protected from wear by the top sheet. 

Opaque surface layers are often combined with translucent cores in 
white or other contrasting colors. The composite laminate can be sand- 
blasted or engraved with a pantograph or other instrument. This type of 
construction is now extensively used in making name plates and instruc- 
tion panels which can be illuminated from the back if the rear surface 
is clear. 

Translucent urea laminates are now common in the fields of illumina- 
tion, display, and decoration. Vending machines and '^juke boxes'^ make 
frequent use of colored sheets, often shaped. Dials, especially for radios, 
fluorescent lighting fixtures, illuminated signs and markers are increas- 
ingly fabricated from these laminates. By incorporation of suitable pig- 
ments, both organic and inorganic, during manufacture of the laminate, 
these products can be made either fluorescent or phosphorescent. Fluores- 
cent instrument panels have become essential parts of many military 
planes. 

Low-Pressure Molding-Laminating 

Like the phenolics, urea resins can be used to impregnate either cloth 
or paper which can be wrapped into complicated shapes and large sizes 
over inexpensive forms built of wood, concrete, etc. They can then be 
cured by application of heat under low-pressure — from 250 Ibs/sq in to 
15 Ibs/sq in. Although strength characteristics of this type of low-pressure 
molded-laminated material are less than the optimum, and although water 
absorption is higher than with products molded under high pressure, the 
advantages to be gained by ease of fabrication, elimination of expensive 
molds, and practicability of forming large shapes augur well for the future 
of this wartime development. 
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Adhesives 

The growth of urea adhesives during the past five years has been spec- 
tacular. Even before the outbreak of World War II, they were being 
produced in Germany at the rate of 200,000 pounds a month for use in 
military aircraft. Substantially the same reactions are carried out in their 
manufacture as have already been described in connection with molding 
powder. Urea-formaldehyde adhesives are sold both in solution and as 
dry powders. In the latter case, water is evaporated from the intermediate 
B-stage resin. The dried product is capable of being admixed with water 



Figure 81 . The production of 
urea-formaldehyde resins requires 
precise control if the viscosity and 
properties of the resin are to be 
kept within narrow limits of vari- 
ation. 


Courtesy The Resinous Products 
& Chemical Co. 


to yield a solution which, upon addition of an acidic catalyst, will cure 
to a tridimensional water-resistant film. In part because of the polar 
nature of the resultant resin, it possesses excellent adhesion to polar or 
hydrophilic surfaces. At the same tim^, its tridimensional character makes 
it far more water resistant than such adhesives as fish glue. Urea resin 
adhesives are often mixed with finely divided wood flour which is used 
for the same reasons as a-cellulose in molding compounds. They may be 
extended with rye or wheat flour or with blood albumin in order to decrease 
cost. Their adhesive strength is diminished by these extenders, although 
not directly in proportion to the amoi^at added. Even when considerably 
extended, they are much superior to older types of glues in strength, 
water-resistance, and anti-rotting properties. Thipk wood-flour filled 
putties can also be prepared by using these adhesives as binders. 

Both cold-setting and hot-setting glues are manufactured. The former 
are cured at room temperature by addition of an acidic catalyst, such as 
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ammonium chloride, to the aqueous solution. Hot-set glues require heat 
for effective cure because of the use of a less active catalyst. Dry glues 
are on the market which contain resin and hardener mixed, requiring only 
addition of water to make them active. After being mixed with water, 
such glues are serviceable for only a short period, usually from one to 



Courtesy The Resinous Products Chemical Co. 


Figure 82. The ‘^Uformites” are manufactured in this 
battery of kettles where urea and formaldehyde are 
reacted together under controlled temperature and 
pressure. During the reaction, samples are taken at 
frequent inter\'als for control laboratory evaluation. 

foiif hours, depending upon the temperature. Copper equipment should 
be avoided in mixing; iron, enamel, and glass are satisfactory. 

In using cold-setting urea glues, coated surfaces should be joined within 
fifteen minutes from the time of application of the adhesive* Bonding 
pressures usually range from 100 to 260 pounds per square inch and 
(should be maintained from 2 to 24 hours, deipending upon the temperature. 
The resin continues to cure for a week, but at room temperature pressure 





UREA PLASTICS 


191 

may be relieved in less than 24 hours, ordinarily in about 8 hours. Urea- 
formaldehyde glues have been widely used in plywood manufacture for 
both marine and aircraft structures, and in assembly of assault boats and 
other important military equipment. Unlike phenolic adhesives, ureas do 
not require careful humidity control of the veneers to be bonded, up to 
15 per cent moisture being permissible without special treatment before 
or after glueing. They are invaluable in the m^anufacture and repair of 



Figure 83. In this five-story tower, liquid 
resin is sprayed as a fine mist where heated 
air converts it to a powder. The spray dry- 
ing process is used for phenol-formaldehyde 
and urea-formaldehyde resins for plywood 
adhesive and paper treatment. By graying 
it is possible to control the stabi^ty of the 
resin and to cut shipping weight by elim- 
ination of solvent. 


Courffjy The Resinous Products &r Chemical Co. 


furniture and are recommended for bonding linoleum. They possess no 
merit for metal joining. 

Because these glues are not subject to bacterial action, glue lines do not 
rot. Fine wood veneers may be bonded with urea adhesives because they 
are non-bleeding. Dyed wood should be investigated prior to bonding to 
ascertain the effect of the dye on the adhesive. If it affects pH, the 
latter may not cure. 

Urea-formaldehyde adhesives are marketed under such trade names as 
“Plaskon” cold-set and hot-set glues, “Uformite,” and “Weldwood Water- 
proof Glue.” Price in 1944 was about 22 cents per pound in bulk. During 
that year, about 22,000,000 pounds of urea adhesives were manufactured. 
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Figure 84. After urea-formaldehyde 
resin has been converted to a fine pow- 
der in the spray drier tower, it is col- 
lected in the large cones shown at the 
top. Fed through conveyor ducts, the 
powdered adhesive is then screened and 
packed for shipment. 


Courtesy The Resinous Products 
& Chemical Co» 


Surface Coatings 

The versatility of the ureas has increased in a phenomenal manner 
during the brief period of their commercial development. They are now 
indispensable in light-colored lacquers, especially whites where light- 
stability is an important element. 

Upon treatment of dimethylol urea with an alcohol in the presence of 
an acidic catalyst, a half-acetal is formed which is capable of undergoing 
further condensation with elimination of alcohol and ultimate formation 
of a thermoset resin. Polyhydric alcohols, especially ethylene glycol, 
behave similarly and give rise to products which retain stability in solu- 
tion even after long standing. These half-acetals, specifically formals, are 
soluble in alcohols e,nd the solutions can be diluted with such hydrocarbon 
solvents as benzene, xylene, or hydrogenated naphthas like the “Solvessos.*’ 
By addition of suitable pigments and application of the resultant lacquer 
to metal or other surfaces, followed by baking at temperatures of 225 to 
325® F, using either oven heat or infra-red, surface coatings are produced 
which possess excellent light stability and good surface hardness. The 
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principal objection to such coatings is lack of adhesion. This fault is 
magnified by hardness and brittleness which tend to make these coatings 
chip. To avoid such diflSculties, therefore, urea resins for surface finishes 
are not used straight, but are always admixed with oil- or phenol-modified 
alkyd resins, often in the ratio of 1:1. Because of the alcoholic nature 
of a portion of the alkyd structure, it is probable that the final resin 
embodies an actual chemical union of the two types — ^urea and alkyd — 
established by half-acetal linkages between them. Ureas are also fre- 
quently admixed with certain other resinous materials besides the alkyd 
in surface coating formulations, notably ethyl cellulose, nitrocellulose, 
and the natural resins. 

These coating materials are now of vast importance in , surfacing 
kitchen ware, bathroom fixtures, hospital equipment, and refrigerators as 
well as other articles which must be finished in light shades that will not 
discolor over long periods and that will be relatively immune to soap, 
oils, solvents, and other chemicals. For such finishes, ureas are usually 
admixed with alkyds modified with saturated fatty oils or their corre- 
sponding acids. Mixed with alkyds modified with drying oils or drying 
oil acids, urea resins now provide important lacquers for trucks and auto- 
mobile bodies, bicycles, toys, and automotive accessories where rough 
usage or exterior weathering will be encountered. To provide greater 
water-resistance for washing machines and other laundry equipment, as 
well as for automotive primer coats, ureas are frequently used in com- 
bination with phenol-modified alkyds. 

The coating of textiles and leather, as well as floor tile, with mixed urea- 
alkyd resins is being increasingly practiced. Resistance to mustard gas 
is imparted to textiles by application of flexible urea-alkyd coatings. 

Urea resins for coatings are manufactured under such trade names as 
^^Bakelite” urea, ^^Beckamine,” “Plaskon,^’ ‘'Rezyl/^ and ^'Uformite.^^ 

Miscellaneous Applications 

By treatment of cotton, rayon, and velours with aqueous solutions of 
low-molecular weight condensation products of urea and formaldehyde, 
followed by heating to temperatures sufficiently high to cure the resins, 
crease- and crush-resistance as well as some degree of water-repellence, 
are imparted to the fabrics. Color is not affected because the resins them- 
selves, like other forms of the ureas, are colorless. Finishing of textiles 
in this manner has met with much favor because the necessity for ironing 
after derangement is obviated. Crease-proofing with urea resins is safely 
applicable to colored goods, but caution should be exercised in its use with 
colorless textiles which may be subsequently bleached; chlorine may 
give rise to chloramine which, under a hot iron, may tender the fabric. 
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Urea-formaldehyde textile treating agents are sold under such trade 
names as **Onyx^* NCF and ‘‘RHonite.” 

More highly condensed urea-formaldehyde resins, such as ‘'Onyx'^ 
liquid resin SS, may be used to impart special effects to textiles. 

Urea resins have also been adapted for use in printing inks for textiles 
and in high-speed lithographic printing inks. 

Various urea resins are being developed as weather-proofing and fire- 
retarding coatings for application to paper, wood, and textiles, especially 
duck. Some of the fire-resisting properties of these resins can be traced 
to the evolution of an extinguishing film of nitrogen gas liberated upon 
combustion of the resin. Condensation products of urea with mixtures of 
formaldehyde and acetaldehyde offer particular promise in this field. 

Urea resins are employed in aqueous solution as a paper size to improve 
wet strength. This use is particularly important in the manufacture of 
paper hand towels and paper cartons. 

Surface active agents can be dissolved in aqueous solutions of urea- 
formaldehyde resins which are then whipped into a foam and set. Subse- 
quent elimination of water leaves a porous structure, extremely light in 
weight and of excellent heat insulating value. Such products have been 
made in Germany for several years under the name “Igelite^^ and are 
currently being developed in this country. Foamed ‘Tlaskon^’ has an 
apparent density of 0.83 Ibs/cu ft. Its heat conductivity is 0.23 B.t.uy 
sq ft/hr/® F/in. One of its most interesting characteristics is unique 
sound-proofing value. 

Sharpies Chemicals, Inc., is developing several resins from various 
substituted ureas, including water-soluble types from ethyl and ethanol 
urea (^^Hydramine^’) and hydrocarbon-soluble types from n-butyl urea 
(^‘Buramine’O and uns-dibutyl urea ('Tlastamine^O- 

An interesting discovery of great potential importance was recently 
made at the U. S. Forest Products Laboratory. If wood, such as oak, is 
soaked in a hot aqueous solution of urea, it is plasticized thereby and, 
while still hot, can be bent and twisted into odd shapes which retain their 
form after being cooled in position. Upon reheating, such treated wood 
again becomes plastic and returns to its original condition. If now, urea 
is replaced by water-soluble urea formaldehyde condensation products, 
the same plasticizing action is exhibited. Once the wood is impregnated 
with resin, the latter can be cured and whatever shape has been given 
during soaking is permanent. 

This discovery has formed the basis for the development of ''transmuted 
wood.'^ Methylol urea is utilized in aqueous solution as the impregnant 
for any desired species of wood. The solution is conveniently prepared by 
dissolving in water appropriate amounts of urea and dimethylol urea 
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(DMU), both of which are available commercially in solid form. Wood 
acids serve as condensation catalysts and effect polymerization of the 
methylol urea in situ. Heat accelerates curing. Pressure may be applied 
to yield products of varying degrees of density and depth of hardness, 
depending upon conditions. Polished or embossed surfaces may be im- 
parted to the transmuted wood by compressing between platens of appro- 
priate style. Swelling, shrinking, warpage, hardness, and strength charac- 
teristics, as well as appearance may all be improved by this sort of 
treatment. 

During 1944, approximately 3,500,000 pounds of urea resins were pro- 
duced for textile, paper, and leather treatment and a similar amount was 
manufactured for other miscellaneous uses. 
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Chapter 8 

Melamine Plastics 


History 

Melamine, the essential intermediate for the melamine plastics, has 
been known for more than a century. It was produced by Liebig in 1834, 
but only recently have methods been developed for its industrial manu- 
facture. It first appeared on the American market in 1939. For a year or 
two prior to that time resins derived from it had been made in Europe — 
first in Switzerland, then in Germany. As with the ureas, the earliest 
Continental melamine plastics were used without fillers and were water- 
white. Transparent melamine resins, however, have never been sold in the 
United States, experience acquired with other plastics having indicated 
their probable failure because of climatic conditions. 

The first melamine resins (often called melamines, for short) produced 
in this country were made by the American Cyanamid Company and were 
sold for laminating purposes. They are also now available for molding, 
surface coating, and other applications. The patent situation became 
surprisingly complicated in 1941 by issuance of the basic patent for their 
manufacture to the Monsanto Chemical Company. Both Ciba and Cyana- 
mid own important subsidiary patents and have reached agreements with 
Monsanto whereby they are allowed to operate under the controlling one. 


Chemistry 

The tardiness with which melamine resins appeared upon the market 
was largely the result of inadequate methods for the preparation of 
melamine itself. During the past decade, it was found that this hetero- 
cyclic nitrogen compound, otherwise known as triaminotriazine, can be 
obtained in good yields by heating dicyandiamide with an anhydrous alco- 
holic solution of ammonia in an autoclave. The intermediate reactions 
which appear to occur are as follows: 
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II HsN-C C— NH, 
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The overall reaction is therefore: 

NH 
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H,N— NH, 
3H,N— C— NH— CN — ► 2 | 
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NH, 


Dicyandiamide is obtained industrially from calcium cyanamide by 
reaction with boiling water or hot dilute sulfuric acid: 

NH 

(4) 2CaCN, + 4H,0 — ^ 2Ca(OH), + Hd^I— A— NH— CN 

Calcium cyanamide, in turn, is derived from calcium carbide by passage 
of nitrogen through hot calcium carbide admixed with about 10 per cent 
of calcium chloride which facilitates absorption of the gas. 

The reactions involved in the formation of melamine resins are similar 
to those employed in the production of their counterparts, the ureas. 
Melamine exists in two tautomeric forms: 
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Possibly because of this fact, it differs from urea in that all six hydrogen 
atoms can be replaced by methylol groups upon reaction with formalde- 
hyde. Despite this reactivity, however, only three methylol groups, or 
less, are introduced for the production of insoluble, infusible resins. 
Assuming that the tautomeric form possessing primary amino, groups 
enters into reaction, a small portion of a molecule of melamine resin may 
be represented as follows: 
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Like the ureas, the intermediate methjdol derivatives of melamine can 
be converted into half acetals by reaction with alcohols in an acidic 
medium. The resultant products are soluble in organic solvents and are 
used as components of surface coatings, always in combination with 
alkyds. They are also employed in textile treating agents for stabilizing 
woolens. 


Molding Powders 

Melamine molding powders are produced much like their counterparts, 
the ureas, save that the final condensation need not be carried out with 
as low a pH. During the molding operation, curing will occur without 
acidic conditions so that these materials may sometimes be combined with 
slightly alkaline fillers or with other resins, such as the phenolics, which 
set up under alkaline conditions. 

The pure resins are colorless. Molding powders can therefore be pro- 
duced in light, pastel shades. These plastics are also odorless and taste- 
less. They possess considerably greater resistance to heat and water than 
is exhibited by the ureas. In the last two respects they more nearly 
resemble phenolics. Moreover, they are not dependent upon the use of 
a-cellulose as a filler. Although, indeed, recourse is had to cellulose for 
general purpose moldings, other fillers including heat-resistant materials 
like fired asbestos, can be employed equally as well. Hence mineral-filled 
melamines can be produced which exhibit excellent thermal properties. 
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Curing conditions for typical melamine molding powders are illustrated 
in Figures 85 and 86. 

Melamines possess better surface hardness and scratch resistance than 
the ureas, even though the latter are superior to most of the other common 
plastics in these respects. The melamines, however, are somewhat more 
brittle than the ureas and shatter more readily unless filled with impact- 



Figure 85. Mold tempera- 
ture vs. curing time for “Mel- 
mac” alpha-cellulose filled 
materiahi (cross section: 0.070 
inch). Optimum cure yields 
maximum resistance to mois- 
ture and cracking. 


Courtesy American Cyanamtd CoA 


resisting fillers such as cotton or chopped fabric. The effect of heating 
upon impact strength of fabric-filled melamines is shown in Figure 87. 
Electrical insulating properties, including non-tracking characteristics, 
are good. Relationships between dielectric strength, temperature, and 
thickness, are shown in Figures 88 and 89. It is probable that the future 
will see considerable application of melamine molding powders. They are 
as yet too new and their supply has been too greatly hampered by war- 
time restrictions to permit general use. Because of the greater cost of 
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Figure 86. Mold tempera- 
ture vs. curing time for “Mel- 
mac” chopped cotton fabric 
filled material (cross section: 
0.125 inch) 


Courtesy American Cyanamid Co.i 



Figure 87. Effect of continuous heating on the impact strength of molded bars 
of fabric filled melamine. {Carswell and Nason 
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Figure 88. Dielectric strength of *'Melmac" mineral filled material. ASTM short 

time test. 



Figure 89. Dielectric strength of "Melmac” 592 mineral filled 
material inch tJiick.) 
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melamine itself, these resins are considerably more expensive than the 
ureas. 

Principal properties of molded melamine plastics are represented by 
those of ^^Melmac” listed below. 

Principal applications of melamines to date have been in shatter- 
resistant tableware for the Navy, buttons, buckles, terminal blocks, and 
electrical parts. 


100 % ‘ 
UREA 



Figure 90. Typical triaxial diagram showing adherence, flexibility, 
and hardness of three-component systems of melamine, urea, and 
alkyd resins for surface coating applications. Formulations yielding 
enamels of satisfactory properties lie within the cross-hatched area. 
{Hodgins, Hovey, Hewett, Barrett, and Meeske^^) 

Molding powders are sold under the trade names “Catalin*' melamine, 
''Melantine,'' ^‘Melmac,^' 'Tlaskon’’ melamine, and ^‘Resimene.” In 1944, 
prices averaged 45 cents per pound. 

Other Applications 

The first American use of melamine resins was in the production of 
laminated materials, especially light-colored surface sheets bonded to 
phenolic bases. They are now used for this purpose by many of the prin- 
cipal laminators, especially for decorative applications where moisture 
condensation may be encountered. One of the earliest commercial applica- 
tions of this kind was in surfacing the liner of electric refrigerator doors. 
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Melamine resins are used in combination with other resins, — ^ureas, 
thioureas, phenolics, and particularly alkyds for light-stable surface coat- 
ings, especially where condensation of water may occur. For this purpose 
they are sold under the names “Melmac” and '‘Super Beckamine.” 

Figure 90 shows the relation between adherence, flexibility, and hard- 
ness of three-component blends of melamine, urea, and alkyd resins. This 
diagram was drawn up from experimental data upon twenty-one composi- 
tions. Those formulations satisfactory from the point of view of hardness, 
flexibility, and adherence lie within the cross-hatched area of this triaxial 
diagram. 

Melamine resins are currently being developed for the hot-bonding of 
plywood, for paper impregnation, and for textile finishing. They are now 
used as impregnants to impart high wet strength to paper cartons em- 
ployed by the Army. They have been utilized abroad for several years as 
textile finishing agents, especially in the manufacture of crease-resistant 
fabrics. 

Other promising applications include leather treating, organolite manu- 
facture, and fabric coating. Flexible melamine-alkyd resin coated fabrics 
are already being employed by the Army in suits of gas de-contamination 
squads. 

Lower alkyl ethers of methylol melamines have been developed for the 
shrink-proofing of wool. Diammonium phosphate is employed as a 
catalyst to cause polymerization of the resin intermediate after applica- 
tion to the fabric. Products sold for this purpose are available under the 
trade-marks “Lanaset^’ and “Resloom 
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Chapter 9 


Aniline-Formaldehyde Resins 


The products which can be obtained by causing organic amines to react 
with aldehydes cover a wide range of physical and chemical types. Care- 
ful control of reaction yields relatively simple, low molecular weight con- 
densation compounds, but complex materials of moderately high molecular 
weight are more often the result. Resinous substances derived from the 
interaction of aniline, toluidine, and the naphthylamines with acetalde- 
hyde, butyraldehyde, and acetaldol have been used for many years as 
vulcanziation accelerators and antioxidants in rubber compounding. 
Moldable plastics produced from aniline and formaldehyde are of more 
recent origin and were first manufactured commercially in Switzerland by 
the Ciba Company. They were introduced into the United States about 
1942 . 

The initial product of reaction of formaldehyde with aniline appears to 
be an unstable addition compound, 



— NH— CH2OH, 


which under the influence of heat or acid is rapidly dehydrated to polymers 
having the general formula 


These products, for which various hypothetical formulas have been postu- 
lated without much proof, are both fusible and soluble. They are therefore 
probably linear polymers of relatively low -molecular weight. They may 
also be formed by the action of heat upon anhydroformaldehyde aniline. 
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The properties of the polymers produced in the presence of acid may be 
varied by altering the ratio of aniline to formaldehyde. Excess aldehyde 
apparently reacts with the aromatic nucleus, introducing methylene 
bridges into the structure of the resin, for the greater the molar propor- 
tion of formaldehyde, the less soluble and less fusible are the products. 
Where the molar ratio of formaldehyde to aniline increases from 1.2 to 
1.5, the temperature required for successful molding, for example, rises 
from 160-160° to over 200°. 

Although commercially available aniline-formaldehyde resins are 
thermoplastic and can be removed only from cold molds, yet their degree 
of thermoplasticity is insufficient to admit of injection molding. This 
characteristic seriously hampers their general utility so that sheets and 
rods arc the best known industrial forms of this plastic, despite the fact 
that molding powder is available under the name '^Cibanite'^ and can be 
shaped at temperatures of 150-160° and pressures of 3000-6000 pounds 
per square inch. 

Sheets and rods of aniline-formaldehyde plastic, but not tubes, are sold 
under the trade name ^‘Dilectene’^ by the Continental Diamond Fibre 
Company. '^Dilecterie^^ is available in both 100 per cent resin form and in 
a plasticized grade, numbered 100 and 160 respectively. 

In Great Britain aniline-formaldehyde resins are also fabricated in the 
form of paper base laminates under the trade name ^Tanilax.^^ Resin is 
incorporated in the fiber during the paper-making process itself. The 
finished plastic contains from 45 to 50 per cent of amine-aldehyde con- 
densation product. 

These plastics are reddish-brown in color and translucent where un- 
filled. Moisture and oil absorption is small. Unplasticized grades show 
relatively good heat resistance and lack of cold flow as compared with 
most other thermoplastic resins; plasticized varieties are poor in both 
respects. These materials show good impact strength, weather well, are 
resistant to ultra-violet light, and are not attacked by most solvents. 
They are unaffected by alkalies, but are sensitive to acids. They can be 
machined easily. Plasticized grades can be punched and stamped. Physi- 
cal properties of ^^Dilectene” are listed in Table 16. 

Solubility characteristics of ^'Dilectene*’ are shown in Table 17. 

Although interest in the plastics field has been directed primarily 
towards condensation products of aniline and formaldehyde, a new resin 
series based on diphenylamine has recently been introduced. Moldable 
condensation products can be obtained by reaction of one mole of the 
latter compound with amounts of formaldehyde ranging from 1.3 to 2 
moles. As the quantity of aldehyde used approaches the upper limit, the 
plastic becomes substantially thermosetting. 



210 


CHEMISTRY OF COMMERCIAL PLASTICS 


Table 16. Properties of “Dilectene” ‘ 
in Sheet) 


Specific gravity 

“Dilectene** 100 

1.21 

••Dfleotene’* 160 

1.31 

Hardness, Rockwell 

Room temperature 

M-100-125 

M-110-116 

90** 

M-106-116 

Too soft 

Hardness, scleroscope 

86-96 

83-00 

Water absorption, 3 in by 1 in specimen 
(A.S.T.M. D57Q-40T) 

24 hours, per cent 

0.08 

0.03 

144 hours, per cent 

0.21 

0.06 

Tensile strength, psi 

10,600 

9,000 

Flexural strength, psi 

20,000 

16,000 

Modulus of elasticity in flexure, psi 

740,000 

1,800,000 

Compression strength, flatwise, psi 

20,000 

20,000 

Impact strength, Izod, H in by in speci- 
men, parallel to molding pressure, ft lb per 
inch of notch 

0.39 

0.38 

Cold flow (A.S.T.M. D621-41T) H in by 
in by in pileup, per cent reduction in 
height after 24 hours 

0.17 

16.35 

Dielectric strength, volts per mil 

Short time, 

80® F 

640 

470 

100® F 

600 

670 

150® F 

720 

650 

Step by step, 

80® F 

410 

430 

100® F 

620 

490 

150® F 

660 

480 

Insulation resistance, megohms, after 4 days 
at 90 per cent RH, 95.® F 

96,000 

62,000 

Distortion point (A.S.T.M. D48-‘39) (10 mil 
deflection under 6-lb load), ® F 

(Unaffected by 
continued 
exposure) 

210 

(Decreased by 
continued 
exposure) 

126 

Coefficient of linear thermal expansion 
(specimen 18 in long by 3 in wide by H in 
thick), parts per million per ® F 

30 

Approx. 34 
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Table 17. Chemical Stability of “Dilectene” * 


Solvent or Reagent 

Toluene 

Benzene 

Alcohol 

Acetone 

Gasoline 

Epichlorhydrin 

Dichlorhydrin 

Amines (some) 

Aniline 
Weak acids 
Strong acids 
Hydrochloric acid, 1 % 

Sulfuric acid, 1 % 

Hydrochloric acid, cone. 

Sulfuric acid, cone. 

Acetic acid, 1 % 

Acetic acid, cone. 

Formic acid 

Sodium hydroxide, up to 25% 
Ammonium hydroxide (27-29%) 

Effect of age 
Effect of light 
Burning 


"tMleotene** 100 

Not attacked 

a tt 

u « 

tt « 

*i « 

Attacked 

u 

n 

tt 

Slight attack 
Strong attack 
Attacked 

ti 

it 

u 

Not attacked 
Attacked 
Strong attack 
Not attacked 
No attack (absorption 
equal to that of HaO) 
None 
None 

Will not support com- 
bustion 


“Dilectene” 160 
Plasticizer attacked 

it it 

Not attacked 

it u 

Plasticizer attacked 
Attacked 

u 

tt 

tt 


None 

None 


Molded aniline-formaldehyde plastics are of merit especially because 
of their electrical properties. They are more resistant to tracking than 
the phenolics and retain good insulating characteristics not only at high 
frequencies, but also in the presence of moisture. Tables 18 and 19 sum- 
marize the electrical properties of ^'Dilectene.” 


Table 18. 

Variation of Loss Properties of 

Dilectene" 

with F requency ® 

Frequency 

Power 

Factor 

Dielectric 

Constant 

Loss Factor 


** Dilectene'* 100 



100 c 

0.00226 

3.72 

0.0084 

1 KC 

0.00351 

3.72 

0.0130 

10 KC 

0.00595 

3.68 

0.0219 

1 MC 

0.00624 

3.62 

0.0226 

10 MC 

0.00469 

3.60 

0.0169 

20 MC 

0.00420 

3.59 

0.0151 

50 MC 

0.00425 

3.58 

0.0152 

100 MC 

0.00318 

3.62 

0.0115 


** DUectene** 160 



100 C 

0.00495 

3.56 

0.0176 

1 KC 

0.00497 

3.56 

0.0177 

10 KC 

0.00703 

3.48 

0.0244 

1 MC 

0.00881 

3.43 

0.0302 

10 MC 

0.00778 

3.41 

0.0266 

20 MC 

0.00737 

3.40 

0.0251 

50 MC 

0.00702 

3.37 

0.0236 

100 MC 

0.00641 

3.41 

0.0218 
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Table 19. Variation of Loss Properties of “Dilectene*^ 100 upon 
Immersion in Water at Room Temperature 
(Measurements Made at 10* Cycles)® 


Time 

Immersed 

Power 

Factor 

Dielectric 

Constant 

Loss Factor 

0 

0.00650 

3.66 

0.0237 

24 hours 

0.00680 

3.73 

0.0250 

48 hours 

0.00700 

3.77 

0.0263 

72 hours 

0.00693 

3.67 

0.0253 

96 hours 

0.00664 

3.73 

0.0248 

1 week 

0.00683 

3.70 

0.0253 

2 weeks 

0.00713 

3.81 

0.0271 

3 weeks 

0.00845 

3.83 

0.0324 

Principal applications of aniline-formaldehyde resins to date 

have been 


in the electrical field, especially radio and television. 
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Chapter 10 

Aryl Sulfonamide-Formaldehyde Resins 

Saccharin, 



is made industrially by sulfonation of toluene with chlorosulfonic acid 
followed by conversion of the resultant o-toluene sulfonyl chloride into 
the sulfonamide by treatment with ammonia and oxidation of this com- 
pound to o-benzoyl sulfonamide which is then dehydrated. In the initial 
sulfonation reaction considerable quantities of para isomer are obtained 
despite the fact that chlorosulfonic acid is more favorable to formation 
of the ortho compound than is sulfuric acid. At 0®, for example, it is 
reported that chlorosulfonic acid yields 35 parts of para- to 65 parts of 
ortho-isomer. Attempts to utilize the by-product economically have re- 
sulted in the manufacture of such plasticizers as cyclohexyl p-toluene 
sulfonamide (“Santicizer” 1-H), mixed o- and ;?-toluene sulfonamides 
(^^Santicizer” 9), mixed o- and p-toluene ethyl sulfonamides (“Santicizer^^ 
8), and o-cresyl-p-toluene sulfonate, topiether with a series of resinous re- 
action products of p-toluene sulfonamide and formaldehyde. 

The condensation of formaldehyde with aromatic sulfonamides appears 
to result first in the formation of an unstable methylol addition product 
which, upon loss of water, yields relatively low molecular weip;ht conden- 
sation products. The molecular weight of the resin obtained from 
o-toluene sulfonamide and formaldehyde has been reported as averaging 
400 in phenol solution. Hence, the following structural formula has been 
proposed for the major component of this type of resin: 

R— — SO2 R — SO2 R — SO2 
H— ll-CH:— N— CHj— A— CHjOH 
where R is an aryl radical. 

These materials are thermoplastic, melting to viscous liquids not far 
above room temperature. If a second sulfonamide group is introduced into 
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the nucleus, thermosetting products are obtained upon reaction with suf- 
ficient formaldehyde. 

To date, only thermoplastic sulfonamide resins are commercial articles. 
They are recommended especially for incorporation with cellulose acetate 
to increase the latter’s retentivity of plasticizers and to reduce separation 
or exudation of plasticizer from acetate films. They can also be used to 
increase hardness and water-resistance of nitrocellulose films. They im- 
prove flexibility and toughness of ethyl cellulose — ^behavior not shown in 
combination with cellulose esters. The sulfonamide resins also find use 
with nitrocellulose or other resins in the production of heat-sealing lac- 
quers. 

Sulfonamide resins range in color from light yellow to water white. 
They are insoluble in water and aqueous acids, but dissolve in alkalies 
with slow decomposition. They are soluble in most organic solvents ex- 
cept aliphatic hydrocarbons and fatty oils, and are compatible with poly- 
vinyl acetate and shellac as well as the cellulose derivatives previously 
mentioned. Upon heating, these resins give off a slight amount of formal- 
dehyde, but an aldehyde odor is not present in films where they are com- 
bined with cellulose plastics. 

Toluene sulfonamide resins are produced in the United States by the 
Monsanto Chemical Company under the trade name “Santolite.” Proper- 
ties of several of these materials are listed in Table 20. 

In addition to the products listed in Table 20, several other “Santolites” 
are also manufactured. “K5,” like “K,” is an alkyd modification, and 
“BA,” “BH,” “BK,” and “BK5” are derived from benzene instead of 
toluene. 
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Chapter 11 

Alkyds and Allied Resinous Esters 

Many important synthetic resins and the majority of plasticizers are 
esters of more or less complicated nature derived from low molecular 
weight acids and alcohols. In this chapter attention will be fixed primarily 
upon alkyd resins which are made in great profusion by reaction of poly- 
basic acids with polyhydric alcohols, with or without various modifiers. 
These resins are particularly useful in surface coatings. Their name, de- 
rived from atcohol and acid, and rewritten alkyd for euphony, was pro- 
posed in 1927 by R. H. Kienle of the General Electric Company’s Re- 
search Laboratories, one of the pioneers in their commercial development. 

History 

Although of but recent industrial application, alkyds have been known 
for a centu^>^ It would seem inevitable that numerous products -of this 
type should have been prepared and discarded in disgust, unrecorded, by 
early chemists seeking simple esters capable of ready purification by dis- 
tillation or crystallization. The first published preparation of an alkyd 
was carried out in 1847 when, a year before his death, the great Swedish 
chemist, Jons Jacob Berzelius, prepared glyceryl tartrate. Six years 
later, another alkyd, glyceryl camphorate, was made in France by Berthe- 
lot. In 1856, glyoeryl esters of succinic acid and of citric acid were synthe- 
sized by Van Bemmelen and seven years later still similar products were 
studied by the Frenchman, Laurengo. 

Not until 1901, however, is there any written account of attempts to 
esterify glycerol with phthalic anhydride. Even then, curiously enough, 
the purpose of the investigator, an Englishman by the name of Watson 
Smith, was to prepare an aliphatic analog of phenolphthalein ! This 
chemist carried out a series of reactions between phthalic anhydride and 
glycerol, varying the conditions, but always obtaining a glass-like prod- 
uct. He suggested its use as a cement for chinaware and glass — an inter- 
esting remark inasmuch as one of its first technical applications some 
twenty years later was in bonding mica flake 1 

A few years afterwards, L. H. Friedburg, then Professor at the College 
of the City of New York, directed his attention to resinous products ob- 
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tained from the same reaction. Through the auspices of Herbert R. 
Moody, of the same school, Friedburg met A. McK. Gifford, of the General 
Electric Company, who obtained a sample of his material and subse- 
quently succeeded in arousing the interest of the General Electric Com- 
pany therein. This concern retained the services of Friedburg who called 
his product ^^Glyptal,^’ a word adopted by G. E. as a trade name. It is 
commonly supposed to have been derived from glycerol and phthalic, 
but it is also said by one of Friedburg^s coworkers to have been suggested 
by the expression glyptic (i.e., structural) formula, inasmuch as it ap- 
peared possible to assign a glyptic formula to glyceryl phthalate, whereas 
the structural configuration of natural resins was then unknown. 

Stimulated by Friedburg’s work, the General Electric Company under- 
took a detailed investigation of resins of this general categor>'^ between 
1910 and 1916, obtaining a series of important patents granted to Calla- 
han, Arsem, Friedburg, Howell, and Dawson. Later workers included 
J. G. E. Wright, Barringer, Kienle, Hovey, and others. 

Phthalic anhydride, an essential intermediate for the manufacture of 
most of these resins, was then an expensive chemical, priced as high as 
$4.25 per pound. The Gibbs and Conover method for producing this ma- 
terial by catalytic oxidation of naphthalene was developed in 1916. Com- 
mercial operation of the process soon resulted in a drop in price of the 
anhydride to but a small fraction of its former value, ])ermitting its gen- 
eral use in the manufacture of important dyestuffs like alizarin and re- 
vivifying interest in alkydVesins. 

“Glyptals” were first developed as bonding agents for mica flake. 
Applied in acetone solution, they yielded relatively inexpensive sheets 
having properties superior to those of shellac-pasted products. Flexible 
resin-bonded mica sheets were evolved later for various uses, including 
lamp shades and objets d^art. An oleic acid modified glyceryl phthalate 
was another of G. E.^s earliest commercial ^‘Glyptals.^’ It was used in 
1921 as an insulating lacquer for brass lightning arrester electrodes. In 
the same year, Kienle conceived the idea of modifying alkyds with drying 
oils, but it was not until three years later, when others had also thought 
of the same thing, that he and Hovey began a series of investigations 
which, in 1933, resulted in the issuance of a broad American patent cover- 
ing this field. Although earlier chemists had incorporated oleic acid and 
ricinoleic acid in alkyds, none — strangely enough — had employed the 
acids of drying oils. This development proved to be a great boon to 
the technology of these resins and was largely responsible for their 
phenomenal acceptance in surface coatings. Despite this fact, the Kienle 
patent, U. S. Patent No. 1,893,873, was declared invalid in 1935 when 
the General Electric Company sued the Paramet Chemical Company for 
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infringement. Several concerns had entered the alkyd field toward 1930. 
After invalidation of the Kienle patent, many others swelled the ranks 
of producers until today there are forty or more. 

Another significant event of the 1920’s was the discovery that both 
oil- and rosin-modified alkyds are compatible with nitrocellulose, yield- 
ing surface coatings showing both increased adhesion and gloss retention. 
This development led to enthusiastic acceptance of alkyd finishes by the 
automotive industry, first in combination with nitrocellulose, then alone. 

Many recent investigations have been directed toward production of 
flexible and rubber-like resins, some of which are made from dimerized 
drying oil acids. 

Despite the fact that the bulk of domestic alkyd production is still 
destined for consumption in surface coatings, the greatest amount of 
published scientific information in this field deals with types that are not 
used directly as varnish vehicles. This situation has resulted from the 
fact that the development of alkyd surface coatings has grown largely 
along the lines of older varnish cooking methods, even though subjected 
to more scientific control. Commercial products have therefore often 
been the outgrowth of Edisonian methods of investigation. 

Alkyds have increased rapidly in volume during the last fifteen years. 
In 1944, American production amounted to over 246,000,000 pounds. 

Simple Esters: Solvents, Plasticizers, Waxes 

Where a monohydric alcohol reacts with a monobasic acid, the product 
is a simple, low molecular weight ester that can usually be isolated easily 
in a pure state by distillation or crystallization. The formation of ethyl 
acetate is typical: 

O o 

/ / 

(1) H,C— C— OH + H,C— CH,OH — >- H,C— C— O— CHr— CH, 

Many acetates, propionates, butyrates, and other esters of lower ali- 
phatic alcohols and glycol monoetliers like “Cellosolve,” 

H,C— CHj— O— CHs— CH,— OH 

are invaluable solvents, widely used in the formulation of cellulose nitrate 
lacquers, to mention but a single example. 

As the molecular complexity of either acid or alcohol, or both, increases, 
the nature of the ester becomes correspondingly complicated. 

Several high-boiling, relatively non-volatile liquid esters of monofunc- 
tional acids and alcohols find use as plasticizers in coatings, plastics, and 
allied products. Butyl stearate, butoxyethyl stearate (“KP-23”)» meth- 
oxyethyl oleate (“Kapsol”), methyl abietate (“Abalyn”), and hydro- 
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genated methyl abietate (Hercolyn'O are but a few of the important 
plasticizers of this group. 

Several solid aliphatic esters of this category such as cetyl palmitate 
(spermaceti) and melissic palmitate (beeswax) are natural waxes. 

Esters or Moderately Complicated Structure: Plasticizers, Oils, 

Ester Gum 

If either (but not both) the alcohol or acid reacting to form an ester is 
bi- or poly-functional, the product is still relatively simple. A considerable 
number of plasticizers belong to this category. Typical commercial prod- 
ucts of this kind are listed below : 

diethyl phthalate 
dibutyl phthalate 

di-2-ethylhexyl phthalate (“Flexol” DOP) 
dicapryl phthalate 

dimethoxyethyl phthalate (‘^Methox'O 
diethoxyethyl phthalate (^‘Ethox”) 
dibutoxyethyl phthalate (“Kronisol”) 
triphcnyl phosphate 

tricresyl phosphate (^‘Kronitex”. AA, ‘Tindor’) 
diphenyl mono-o-xenyl phosphate (‘‘Dow Plasticizer 5^0 
dibutyl sebacate 
dibutyl tartrate 
sorbitol dilaurate 

diethylene glycol dipropionate (“KP-45”) 

triethylene glycol di-2-o thy 1-butyrate (“Flexor^ 3 GH) 

triethylene glycol di-2-ethyr-hexoate (“Flexol’^ 3 GO) 

triethylene glycol esters of coconut oil fatty acids (“SC” plasticizer) 

methyl phthalyl ethyl glycolate (“Santicizer” M-17) 

ethyl phthalyl ethyl glycolate (“Santicizer” E-15) 

butyl phthalyl butyl glycolate (“Santicizer” B-16) 

dimethylcyclohexyl adipate (“Sipalin” AOM) 

ethylene glycol diabietate (“Flexalyn” C) 

diethylene glycol diabietate (“Flexalyn”) 

hydrogenated diethylene glycol diabietate (“Staybelite” Ester No. 2) 

Fatty oils, being glycerol derivatives, also belong in this class of esters. 
In the case of drying oils, their molecular complexity coupled with at- 
tendant potentialities for polymerization or intermolecular linkage by 
oxidation or sulfurization, have led to innumerable technical applications 
of vital importance in paints, varnishes, printing inks, linoleum, oil cloth, 
rubber extenders (faotice), and divers other products. 

Where the molecular weight of the reactants is relatively great and 
their structure sufficiently complicated, resinous characteristics begin 
to appear. Thus ester gum, made by numerous manufacturers, is used as 
a component of spar varnishes. It is derived from rosin by esterification 
with glycerol. It consists primarily of glyceryl triabietate which, accord- 
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ing to present conceptions of the structure of abietic acid, should possess 
the formula shown below, with a molecular weight of 944: 


H3C 



Hydrogenated rosin, sold under the trade name “Staybelite,^’ is esteri- 
fied with glycerol. The i)roduct is used as a tackifying resin in adhesives. 
Glycol and polyglycol esters of hydrogenated rosin and of polymerized 
rosin are available as variously numbered “Staybelite^' and “Poly-Pale” 
esters, respectively, and are recommended for use in adhesives, printing 
inks, and allied products. 

Rosin esters of pent aery thritol, C(CH.OH) 4 , are sold under the name 
“Pentalyn” for varnish applications. They are harder than ester gum, 
softening at higher temperatures. 

“Vinsol,” a dark-colored, acidic resin derived from products of the 
naval stores industry, can also be esterified with glycerol. 

Physical properties of a number of Hercules’ rosin derivatives are listed 
in Table 21. 

Other varnish vehicles more or less analogous to ester gum are manu- 
factured from a few natural resins. Most important are glyceryl esters of 
several cracked copals, especially Congo gum. 

Run Manila and Pontianak are occasionally esterified. In other cases, 
such as Kauri and dammar, no substantial improvement in properties is 
obtained by esterification because of the low acidity of the run resins, 
as indicated in Table 22, 
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In order to convert many natural resins to forms which will dissolve 
in drying oils, the varnish industry has long followed the practice of 
^^running’^ them. This process is substantially a cracking operation in 
which Congo, for example, is heated to- 330-345° until it is sufficiently 
broken down to dissolve in oils — a point usually determined by visual in- 
spection of the viscosity of the oil draining from the stirring paddle. In 
running copals before esterification with glycerol, the cracking must pro- 
ceed farther than in processing for direct varnish formulation; otherwise 
gelation will occur upon reaction with glycerol. Dibasic acids like agathic 
acid. 



and other polybasic polyterpenic acids are characteristic of these fossil or 
semi-fossil resins. It will be seen from p. 236 of this chapter that such 
l)oly basic acids should react with glycerol to yield cross-linked gels. 
It would therefore appear that run copals have been pyrolyticdly de- 
carboxylated. 

Mixed glyceryl esters of rosin and Congo are also manufactured as 
varnish vehicles. 

Resinous Esters of Polyfunctional Alcohols and Acids: Alkyds 

If both alcohol and acid employed in esterification are bi- or poly- 
functional, the products are usually much more complex than those de- 
scribed thus far. Most reactions of this category lead to the formation 
of high polymers and it is to such products that the general term alkyd 
has been applied. 

By varying the nature of the reactants, a wide range of products can 
be obtained. The many different types of alkyds can be classified as 
follows: 

(A) Polyesters of bifunctional reactants 
I. Saturated 
II. Unsaturated 

(a) Low in maleic unsaturation 

(b) Medium to high in maleic unsaturation 
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(c) Possessing non-maleic unsaturation 

(1) From dimerized fatty acids 

(2) From drying oil acids 

(B) Polyesters of poly functional reactants. 

I. Unmodified (straight alkyds) 

II. Non-drying oil modified 

III. Drying oil modified 

IV. Rosin and natural resin modified 

V. Synthetie resin modified 

(a) Phenolic modified 

(b) Urea or melamine modified 

Polyesters of Bifunctional Reactants 
Saturated Polyesters 

As a rule, where a dibasic acid, RCCOgH)^, reacts with a dihydric al- 
cohol, R'( 0 H) 2 , the product is a linear polyester which may be terminated 
by either carboxyl or hydroxyl groups, or both, depending largely upon 
the molecular ratio of the reactants. If both end-groups are hydroxyls, 
the general formula is: 

O O 

HO — R — 0(-— (i) — R — ^ — O— R^“— 0)» — H 

Polyfunctional acids and alcohols, on the other hand, react with each 
other to form cross-linked, tridimensional esters as the final products, 
provided at least one of the intermediates contains more than two reactive 
groups. There is, therefore, a marked difference between polyesters pre- 
pared from bifunctional reactants only and alkyds made from polyfunc- 
tional intermediates. The former possess linear structures which are non- 
convertible by heat and are permanently thermoplastic unless the presence 
of double bonds or other reactive groups permits cross-linking by addition 
polymerization, oxidation, or vulcanization. These exceptions will be dis- 
cussed later. 

Cyclic Esters. In certain special cases, cyclic esters may be obtained 
by esterification of bifunctional acids and alcohols. Where the nature of 
reactants is such that low molecular weight, monocyclic, 5- or 6-membered 
rings can be produced, their formation is favored. Where 7 or more mem- 
bers would be present in the resultant monocyclic ester, linear molecules 
predominate and are usually the sole result. 

Carbonic acid is the simplest bifunctional organic acid. Although it 
cannot be esterified directly, glycol carbonates can be obtained by ester 
interchange between diethyl carbonate, 
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O— C2H6 


0=C 


X 


\ 


O— C2H6 


and various glycols in the presence of metallic sodium. Ethylene glycol 
and trimethylene glycol yield monocyclic esters containing 5 and 6 ring 
members respectively, i.e,: 


o=c 


/ 


O— CHa 


\ 


and 0=C^ CHa 
\ / 
0-^CHa 


O—CHa 
\ 


O— CHa 


Higher glycols, on the other hand, yield linear polycarbonates possessing 
the structural unit 


—O— CHa— R--CHa— O—C— 

A 


where the degree of polymerization may vary from 5 to 20. The forma- 
tion of large rings is not observed. 

It is of interest to note that six-membered cyclic esters are capable of 
exhibiting reversible transformation to linear polymers. Trimethylene 
carbonate, for example, upon heating is converted to a linear polyester. 
This reaction is catalyzed by small amounts of potassium carbonate; 
traces of moisture, also, are probably necessary. The polymer, in turn, 
can be easily depolymerized to the cyclic monomer by distillation in 
vacuo. 


O—CHa K2COJ 

(2) 0=C^ '^CHj 

\ / 

O— CHj -P 


"ah" r 

AH 

L. 


— O— CHa—CH*— CH 


^ 1 


38-45 


Other linear polyesters can be depolymerized, less readily and less com- 
pletely, to monomeric or dimeric macrocyclic esters by heating just below 
their points of thermal decomposition at pressures below 1 mm, usually 
in the presence of a catalyst favoring ester interchange. Metallic sodium 
is effective in facilitating this reaction where polycarbonates, oxalates, 
or malonates are involved. More satisfactory catalysts in the case of 
polyesters of other dibasic acids include hydrated chlorides of bivalent 
tin, manganese, iron and cobalt, metallic magnesium and its oxide, car- 
bonate and chloride, and manganous carbonate. Macrocyclic esters can 
thus be formed, containing even as many as 16 or more members in the 
ring. They tend to be reconverted to linear polymers upon prolonged 
heating at 200®, especially in the presence of catalytic amounts of potas- 
sium carbonate. 
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Saturated Linear Polyesters. By direct esterification, Carothers and 
his coworkers prepared a considerable number of linear polyesters rang- 
ing from trimethylene oxalate to decamethylene sebacate, as well as 
several phthalates. The average molecular weight of polyesters of this 
type, prepared by simply heating the reactants together with stirring, is 
in the order of 3000. Oxalates and carbonates range upwards from . 1100. 
Phthalates run from 1800 to 5000, corresponding to degrees of polymeriza- 
tion of 7 to 25. The lower glycols give the highest degree of condensation 
polymerization. 

Whether the end groups of a linear polyester are hydroxyl or carboxyl 
radicals depends to some extent upon the molecular ratio of the reactants. 
Succinic acid esterified with excess ethylene glycol yields a fairly homo- 
geneous neutral polyetliylene succinate of molecular weight about 3000, 
in which both terminal groups are hydroxyls: 

H0-CH»-CH2-0 ~(>CHj-CHr-C-*(>-CHr-CHr-0 -H 

La a J 

Ca20 

Upon esterification with excess acid, a polymeric mixture is produced 
in which acidic esters predominate. The average molecular weight of the 
mixture can be controlled to some extent, although not with much preci- 
sion, by adjusting the amount of excess acid. 

Most linear polyesters derived from ethylene glycol are solids. A few, 
notably ethylene malonate, are liquids at room temperature. Diethylene 
and polyethylene glycols frequently yield liquid or balsamic products. 
In contrast to polyesters from phthalic anhydride, solid, saturated ali- 
phatic polyesters of the general formula 

(-rCa~(CH0*--CO— 0--(CH2)y--^ 

present the interesting phenomenon among high polymers of possessing 
crystallinity, although the crystals are always microscopic or submicro- 
scopic in size and are often not clearly defined. X-ray examination almost 
always gives evidence of crystallinity in esters of this type. Crystallized 
ethylene succinate and decamethylene sebacate as precipitated from solu- 
tion are dusty powders which are prone to acquire a static electric charge. 
As usually prepared, however, they are brittle waxes. Intermediate mem- 
bers of the series are more soft and tend to be somewhat sticky. In gen- 
eral, adipates melt at lower temperatures than the corresponding suc- 
cinates and sebacates while, with a given acid, trimethylene glycol esters 
usually show lower melting points than other unbranched glycol esters. 

Softening points of a series of linear polyesters prepared by Carothers 



Table 23. Polyesters from Glycols and Dibasic Acids 
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[icrocrystalline powder, m.p. 76® (30) 
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and his associates are listed in Table 23, together with average molecular 
weights determined by cryoscopic or ebullioscopic means. 

By heating linear polyesters at temperatures in the neighborhood of 
200® for several days in a molecular still, Carothers and Hill found it 
possible to continue condensation to form what they called superpoly- 
esters, distinguishing the latter by the Greek prefix w, as contrasted with 
the designation a, applied to lower polymers obtained under normal con- 
ditions. Similar, although less marked conversion of a to w-esters can be 
brought about by long-continued heating of the former at ordinary pres- 
sures in thin layers in a current of nitrogen, or by bubbling nitrogen 
through molten a-ester. 

Carothers and Hill set the line of division between a and o> polyesters 
at a molecular weight of 5000, although most of the latter are above 
10,000. Table 24 compares the properties of a- and w-esters obtained from 
trimethylene glycol and hexadecamethylene dicarboxylic acid. 

Superpolyesters are harder and tougher than the corresponding a-esters. 
Solvents first swell them, then yield solutions of high viscosity. Like the 
a-polyesters discussed above, w-esters are crystalline in character, as 
shown by x-ray powder diagrams. They lose their crystallinity a little 
below their softening point and, while molten, can be drawn into filaments. 
If these filaments are spun under tension, or if a cold filament is stretched 
at room temperature or slightly above, it loses its opacity, increases perma- 
nently in length at the expense of its diameter, and becomes strong and 
pliable. X-ray examination shows the cold-stretched filament to be in a 
highly oriented state. 


Table 24. Properties of «- and co-Polyesters from Trimethylene Glycol and 
Hexadecamethylene Dicarboxylic Acid ** 


Apparent mol. wt. 

At 100° C 

At room temperature 
Melting point, ° C 
Solubility 


Relative viscosity of 7.3% 
weight solution in chlo- 
roform (chloroform, 216 
seconds = 1 unit) 


a-Ester 

3,000 

Viscous liquid 

White, opaque, brittle 
wax; d^l.061 

75-76 

Very soluble in cold 
CHCI3. Reewiily soluble 
in hot ethyl acetate ; sep- 
arates on cooling as a 
microcrystalline powder 


8.6 units 


w-Ester 

12,000 

Soft, sticky resin 
Cream colored, opaque, 
horny, elastic; dISl.OSS 
Becomes transparent at 
75, but does not flow 
Swells in cold CHClj, then 
dissolves. Swells and 
slowly dissolves in hot 
ethyl acetate; separates 
on cooling as a white, 
amorphous, curdy pre- 
cipitate 
166 units 
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As the molecular structure of linear polyesters decreases in symmetry, 
these compounds lose their tendency to crystallize. This effect is especially 
noticeable in the case of phthalates. They are either non-crystalline, hard, 
tough, and glass-like resins at room temperature or viscous liquids. In 
general, softness of linear phthalates increases with increasing chain length 
of the glycol. 

In kinetic studies of the esterification of phthalic anhydride with ethyl- 



Figure 91. Isotherms showing the course of esterification of stoichiometric 
amounts of ethylene glycol and phthalic anhydride. {Kienle and Ilovey^^) 


ene glycol, Kienle and Hovey showed the reaction to be strongly exother- 
mic at the beginning, during which time it proceeds very rapidly. It 
should be noted, however, that the exotherm in this case is caused by 
reaction of the anhydride and is not general for polyesterifications. Under 
isothermal conditions and at temperatures of 190®, or above, reaction 
between phthalic anhydride and ethylene glycol is almost half over within 
the first minute. The relation between the degree of esterification and 
time of reaction at a given temperature is shown in Figure 91. 

Because of the linear nature of the resin produced no gelation occurs, 
regardless of the length of heating; hence esterification can be carried 
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nearly to completion. Figure 92 shows the dependence of flow point of 
the polyester upon time of reaction at 190®. 

As shown in Figure 93, the time required to attain 95 per cent 
esterification is a logarithmic function of the reciprocal of the absolute 
temperature. 

Relatively few non-convertible linear alkyds are produced commer- 
cially. A small number of balsams of this type, based on phthalic, suc- 
cinic, and sebacic acids are available as plasticizers for nitrocellulose, 
various elastomers, and other resins. They are also employed to some 
extent in caulking compounds and adhesives. Typical of such products 
are some of the “Rezyls” and “Paraplexes."’ 

Unsaturated Linear Polyesters 

Saturated linear alkyds produced by esterification of dihydric alcohols 
with dibasic acids are non-convertible by heat. That is to say, they are 
permanently thermo[)lastic. If, however, unsaturated reactants are util- 
ized instead of fully saturated ones, the resulting polyesters may be heat 
convertible as the result of reactions other than esterification. This 
jfiienomenon has been noted especially in the case of ethylene and poly- 
ethylene glycol esters of maleic and fumaric acids. The transformation of 
soluble, fusible polymaleates to insoluble, infusible j^roducts appears to 
be the result of the establishment, by addition polymerization, of direct 
carbon-to-carbon linkages between the chains at points of imsaturation. 
This behavior is comparable to the heat-bodying of drying oils. Thermal 
conversion of unsaturated linear polyesters is accelerated by light, heat, 
and such catalysts as cobalt salts and benzoyl peroxide. It is deterred by 
typical polymerization inhibitors like hydroquinone. 

The structure of a portion of a cross-linked glycol maleate may be 
typified by the following illustrative formula: 

O O 0 0 

11 H H II H2 H2 I! H H2 U 

o— c--c=c---c— o--<^-~c~o-~c--c--c---c~-o 

0 0 0 0 

It H H2 II H2 H2 II H II 

O— C-~C— C— C--0--C---C--0— c~c==c--c---o 

0 0 0 0 

II IT II H2 H2 II H H II 
o— c-~c==c— c~-o— c--c~o— C— C=C--C~-0 

Linear heat-convertible polyesters produced by the reaction of dihydric 
alcohols with such unsaturated dibasic compounds as maleic anhydride 
can also be converted by oxidation to insoluble, infusible products. Oxida- 
tion can be brought about either with or without the aid of driers. In this 
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Figure 92. Flow point of the read ion product of stoichiometric amounts of 
ethylene glycol and phthalic anhydnde va. time of esterification at 190®. 
(The flow point here reported is that temperature at which a small sample of 
resin J0 5() inch thick! will flow under gravity a vertical distance of 0.20 inch 
when subjected to a gradual increase in temperature of 2-3® per minute.) 
{Kienle and 
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TIME TO ATTAIN 95% ESTERIFICATION IN MINUTES 

Figure 93. Time required to attain 95 per cent esterification of stoichiometric 
amounts of ethylene glycol and phthalic anhydride vs. reciprocal of the absolute 
temperature. (Kienle and Hovey^^) 
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respect, as in heat conversion, these resins resemble drying oils. They can. 
moreover, be modified with the acids of drying oils, to yield resins which 
are still more easily converted to insoluble, infusible forms by oxygen. 

Linear Polyesters of Low Maleic Unsaturation. Linear alkyds pos- 
sessing only a relatively small amount of unsaturation can still be cross- 
linked by means of heat and peroxide catalysts. It is therefore possible 
to produce curable polyesters by reaction of a glycol, a saturated aliphatic 
dibasic acid, and a minor quantity of maleic acid. From 3 to 4 mole per 
cent of the latter usually imparts satisfactory curing properties. 

Where the degree of polymerization of the alkyd is sufficiently high 
and where the number of methylene groups separating the carboxyls of 
the initial reactants is great enough (as in glycol or mixed ethylene and 
propylene glycol esters of sebacic acid, for example, modified with maleic 
acid) the products obtained upon curing with benzoyl or lauroyl peroxide 
are rubber-like in character, even though the linear alkyds, before cross- 
linking, are hard, waxy, and more or less crystalline. Prior to curing, 
alkyds of this kind may be compounded on rubber rolls with such fillers 
as iron oxide or calcium carbonate. Carbon black is not suitable inas- 
much as it impedes the catalytic action of benzoyl peroxide. Certain soft 
carbon blacks may, however, be used in conjunction with ter-butyl hy- 
drogen peroxide. Cured stocks possess tensile strengths ranging from 1200 
to 1800 pounds per square inch and elongations varying from 200 to 450 
per cent. 

Several compositions of this type are shown in Table 25, together with 
their rubber-like qualities. 

The products often exhibit a tendency to stiffen on aging because of 
partial recrystallization. Reheating or flexing restores initial flexibility. 
They are moderately oil resistant, typical compounded materials swelling 
about 5 per cent in ethyl alcohol and 55 per cent in benzene after seven 
days^ immersion at 76® F. Toluene-swollen products, however, break 
readily upon sharp flexing and tend to crumble upon rubbing. After evap- 
oration of solvent, they retrieve their original properties. Products of this 
kind, developed by the Bell Telephone Laboratories, have been named 
“Paracon.'^ The uncured polyesters are available from the Resinous Prod- 
ucts and Chemical Company under the trade name “Paraplex” X-100. 

Improved products are under development. 

Work at the Bell Laboratories indicates that in certain instances, at 
least, entirely saturated linear polyesters can be cross-linked by heating 
with 4 to 5 per cent of benzoyl peroxide. In such cases inter-skeletal 
bridges are thought to be established between the carbon atoms adjacent 
to the esterified carboxyl groups. A small amount of unsaturation, never- 
theless, facilitates cross-linking. 



Table 25. • Composition and Properties of Two Natural Rubber Stocks (JK-100 and JK-101) 

Compared with Several Typical Paraplex X-100 Vulcanisates • 

JK-lOOb JK-101 b JK-159 JK-160 JK-161 JK-162 JK-170 JK-171 JK-183" JK-1844 JK-193 JK-218 JK-318 JK-575 
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Manufacturer’s Data. The Resinous Products and Chemical Co, 
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Linear Polyesters o£ Medium to High Maleic Unsaturation. Un- 
saturated linear alkyds comprising glycol and polyglycol esters of maleic 
acid which possess medium to high unsaturation are not only convertible 
by heat, peroxides, and oxygen, but they can also be vulcanized with 
sulfur in much the same manner as rubber and are used to some extent 
in elastomeric compositions. The resulting vulcanizates are more resistant 
to the action of hydrocarbon solvents than natural rubber. These products 
do not stifien with age. Sulfur vulcanizable ^Taracons,^^ like “Paraplex^^ 
S-200 belong to this category of alkyds. 

Analogous polyesters are also capable of copolymerization with numer- 
ous unsatiirated monomeric comppunds such as vinyl acetate, styrene, and 
methyl methacrylate. Cross-linked, tridimensional resins are formed by 
copolymerization with these unsaturated monomers which apparently 
bridge the polyester chains. Plastics of this kind are discussed in greater 
detail in Chapter 19, under contact resins. 

Linear Polyesters of Non-Maleic Unsaturation. Polyesters from 
Dimerized Fatty Acids, Certain unsaturated linear alkyds can be cross- 
linked by means of sulfur, assisted by the usual rubber accelerators. It 
has been noted in the preceding section that certain varieties of ^Taracon” 
containing medium to high maleic unsaturation can be cured in this way. 
Other useful vulcanizable alkyds are derived from dimerized drying oil 
acids. 

By methanolysis, drying oils can be converted to mixtures of the corre- 
sponding methyl esters. Where conjugated unsaturation exists in these 
methyl esters or where it can be induced by rearrangement of a non- 
conjugated system, they can be thermally polymerized to mixtures con- 
sisting largely of dimers and trimers. On the basis of various physical and 
chemical properties of fractions obtained by molecular distillation, this 
reaction has been tentatively formulated in the Diels-Alder sense as 
follows: 



Monotner Dimer Trimer 
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Reaction (3) can be brought about by heating for several hours at 300® 
in a carbon dioxide atmosphere. The more saturated unpolymerizable 
monomeric esters present in the products of methanolysis of drying oils 
are unaffected by this treatment and can be distilled off below 300® at 
1 mm pressure. Dimers and trimers remain behind as a residue which can 
be distilled only in a molecular still. Various catalysts, such as anthra- 
quinone, silico-tungstic acid, boron trifluoride, Floridin (a variety of 
Florida clay), and others, are of assistance in dimerizing methyl esters 
of drying oil acids. 

Reactions of this category can be applied to soybean oil, linseed oil, tung 
oil, dehydrated castor oil and other drying oils. 

Saponification of the dimerized methyl esters yields the corresponding 
dibasic a(*ids. The latter can be esterified with glycol to yield unsaturated 
polyesters which are reactive with sulfur and can be vulcanized with the 
aid of ordinary rubber vulcanization accelerators. The initial polyester is 
soft and sticky and does not handle well on rubber rolls, but after partial 
curing with sulfur, most of the tack is lost, the product is solid, and it 
can be compounded on a mill with the usual rubber ingredients. Vulcan- 
ization can then be (completed subsequently, yielding soft, elastic stocks 
which possess tensile strengths averaging 400-600 Ibs/sq in and elonga- 
tions averaging 100-130 per cent. They show good retention of elastic 
properties at sub-zero temperatures. These products are not resistant to 
petroleum solvents and oils, but are unaffected by alcohol and water. 
They are resistant to ozone. Their tensile strength is considerably less 
than that of rubber and their elongation not as good, either. For many 
mechanical api)lications such as packings and glass jar rings, however, 
these characteristics are quite good enough. For such uses they played a 
significant role during the rubber shortage. They were originally devel- 
oped from soybean oil by the U. S. Northern Regional I^aboratory and 
hence were named “Norepol.” In close cooperation with the government 
laboratories several firms undertook manufacture of these rubber-like 
alkyds from various vegetable oils, the processes employed differing 
slightly from one firm to another, depending upon their past experience 
and ^‘know-how.^^ CAirrent trade names for these materials include '^Agri- 
pol,” ^Tulprene,” ‘‘Sulprene,” ‘'Kem-pol,” and ^‘Witcogum.” 

Linear Polyesters Modified with Drying Oil Adds, It has been noted 
in an earlier section that linear polyesters containing maleic unsaturation 
can, like drying oils, be converted to insoluble, infusible products by oxida- 
tion, either with or without the aid of driers. Where modified with the 
acids of drying oils, these maleic polyesters are even more readily oxidized. 
It is significant that the latter products differ markedly in drying charac- 
teristics from corresponding modifications of linear polyesters of saturated 
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dibasic acids. For example, films of polyethylene maleate modified with 
linseed oil acids can be converted to light-colored hard surface coatings 
by brief stoving at 140®, or, more slowly, by air-drying at room tempera- 
ture, with or without the aid of driers. Films of polyethylene succinate, 
adipate, or sebacate, on the other hand, modified with the same mole 
per cent of linseed oil acids, yield strongly discolored films — and then 
only with difficulty, from 10 to 14 hours’ heating at 140® being required; 
they will not air-dry at room temperature. 

Polyesters of Polyfunctional Reactants 


General 

In 1944, American production of non-cellulosic synthetic resins reached 
a total of 784,000,000 pounds. Alkyds accounted for almost a third of 
this volume, or 245,000,000 pounds — ^the largest production of any single 
class. The rapid commercial development of alkyd resins during the past 
fifteen years has resulted fron' their introduction as vehicles for surface 
coatings. Numerous ramifications of this single application still account 
for the bulk of these materials. 

Where either the acid or alcohol entering into formation of an alkyd 
resin is more than bifunctional, complex tridimensional polyesters are pro- 
duced if reaction is carried to completion. 

Glycerol and phthalic anhydride, for example, react at temperatures 
in the order of 160® or above to form a resinous product, liquid at that 
temperature, which gradually increases in viscosity as heating continues 
until gelation suddenly occurs. Upon cooling, the product is hard and 
brittle. The gelled resin is insoluble and infusible, in mass. It still contains 
some extractable, fusible components, however, the amount of which can 
be reduced by further heating. The initial gelled resin is thereby converted 
to a harder product. A segment of the cured resin may be represented as 
follows, although a limited number of secondary reactions occur which 
probably yield a more complicated material: 


O 


O- 



O 

c4,- 
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Most alkyds are not only constituted of polyfunctional acids and alco- 
hols ; they are also modified in diverse ways which will be discussed later. 
The majority of commercial resins of this class, however, regardless of 
modification, are capable of being cured to three-dimensional structures 
similar to that just illustrated. The use of these resins in surface coatings 
in general depends upon arresting reaction short of gelation, at which 
point the polyester can still be dissolved in suitable solvents, with or with- 
out drying oils and pigments, and applied, as a varnish or lacquer, to 
various surfaces from which the solvent is subsequently evaporated and 
upon which the residual resin is later set up by heat or oxidation to a 
cross-linked insoluble form. 

The manufacture of alkyd resins is conducted under conditions which 
permit careful control of the ratio of reactants, temperature, uniformity 
of mix, and time of reaction. The cooking operation is carried out in 
aluminum or stainless steel kettles containing from one to several tons 
apiece, equipped with reflux condensers, agitators, and suitable means for 
sampling and discharge. Reactants are often weighed out on the floor 
above the kettles so that they can be transferred thereto by gravity. 
Circulating oil, Dowtherm, and electricity are the preferred methods of 
heating the vessels. In order to maintain light color, reaction should be 
carried out under an inert atmosphere; hence the kettles are connected 
with a source of carbon dioxide which may be bubbled through the mass. 
Some plants are equipped with vacuum which can be applied to the 
reactors. 

Inasmuch as a considerable amount of heat is held by the viscous resin, 
it requires an appreciable time to cool from reaction temperature. In the 
manufacture of alkyds for surface coatings, esterification is usually car- 
ried just short of the point at which cross-linking would occur to yield 
a gelled mass. There is therefore danger that the retained heat will be 
sufficient to set the resin up to the gel stage before it cools. Hence it is 
common practice to cut it with an appropriate solvent, such as toluene, 
after heating has progressed far enough. This operation cools the mix 
sufficiently to stop further reaction. It is best conducted by running the 
hot alkyd into solvent held in a container equipped with a reflux. Although 
some alkyds are supplied as 100 per cent resin, the majority are cut with 
solvent and are customarily available in about 50 per cent solution. Use 
of solvent has two further advantages. It permits more ready clarifica- 
tion of the resin and it reduces the customer’s loss from adherence of 
thick, 100 per cent resin to container walls. 

Glycerol and phthalic anhydride are by far the most important funda- 
mental components of commercial alkyds. Maleic anhydride is the second 
most valuable dibasic acid intermediate, although in the vast majority of 
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maleic alkyds, maleic anhydride is not used as such, but rather as its rosin 
adduct, as in certain “Amberol^^ resins. In 1943, about 154 million pounds 
of alkyds came from phthalic anhydride; about 25 million pounds from 
maleic anhydride. 

Alkyd resins, based for the most part on these three intermediates, and 
variously modified, are manufactured under numerous trade names, in- 
cluding ^‘Amberlac,^^ “Amberol,” “Aquaplex^^ (aqueous emulsion), ‘‘Aro- 
chem,” ^^Aroflex,’^ ‘^Aroplaz,” ^‘Beckacite,^^ ‘^Beckosol,^^ '^Dulux,^^ ^^Dura- 
plex,'' ‘^Dyal,” ^^Dymal,” ^T.stcrol,^^ ^Talkaloid,^^ “Falkyd,” ‘‘Glyptal,^^ 
^‘Lewisol,” ^‘Makalot,” ^^Mirasol,’^ ^Taranol/^ “Rauzone,^^ “RczyV^ “Syn- 
tax, “Teglac,^’ and others, some of which are mentioned below. It should 
be noted that some of these names, like “Makalot^^ and “Beckacite,’^ are 
also applied to other types of resins, such as phenolics. Most of them 
designate a wide range of alkyds made by a given concern and modified 
in many dififerent ways. Pri(*es in 1944 averaged from 12 to 14 cents per 
pound in 50 per cent solution in the case of the more common products. 

While glycerol, phthalic anhydride, and maleic anhydride are the prin- 
cipal polyfunctional intermediates for commercial alkyds, several other 
chemicals are used in much smaller volumes. 

Other polyhydric alcohols include ethylene glycol, diethylene glycol, 
pentaerythritol, and sorbitol. 

Other dibasic acids used to some extent are succinic, adipic, azelaic, 
and sebacic. Alkyds based upon sebacic acid are particularly well known. 
They find especial use as plasticizers for finishes based on other resins, 
including coatings for rubber and fabrics where they impart added resist- 
ance to abrasion and scuffing as well as durability and high flexibility. 
They are also used in special caulking com})ounds and adhesives. Sebacic 
acid alkyds are manufactured under the trade name “Paraplex.'^ 

A unique dibasic acid which has lately appeared is known as “Carbic” 
anhydride. It is produced by a Diels-Alder addition of maleic anhydride 
to cyclo[)entadiene: 

H 
C 

HC 

, II 


“Garble” anhydride is used in the manufacture of the so-called “C-9” 
alkyds, apparently so-named because of the presence of nine carbon atoms 
in this intermediate. 

Another unusual dibasic acid used in alkyd resins has been manufac- 
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lured for several years under the trade-mark “Petrex^^ polybasic acid. 
Maleic anhydride, again, is reacted with diolefinic hydrocarbons — terpenes 
in this case. The product is a mixture of complex addition products. 
Non-conjugated monocyclic terpenes possessing the p-cymcne skeleton 


I. 




I 

/\ 


such as dipentcnc : , v-terpincnc : , and terpinolerie : 


, isomenze 


rapidly in the presence of either organic or inorganic acids to a-terpinene: 


, which undergoes a Diels-Alder condensation with maleic anhydride 


to give the anhydride of a complex dibasic acid as follows: 



The presence of small amounts of maleic acid during reaction (5) is 
sufficient to cause isomerization of the non-conjugated terpenes of tur- 
pentine to a-terpinene, with consequent formation of the Diels-Alder 
adduct. Until lately, ‘Tetrex” acid was considered to be this Diels-Alder 
addition product of maleic anhydride and a-terpinene. Recent work, 
however, seems to indicate that such is not the case. Approximately 50 
per cent of ^Tetrex” polybasic acid is reported to be a non-Diels-Alder 
adduct of terpinolene and maleic anhydride, produced according to equa- 
tion (6). 


( 6 ) 



CH— 



The remainder is a mixture of macromolecular polybasic acids of molecu- 
lar weights ranging from 450 to 3000. The following formula has been 
tentatively proposed as representing a portion of these polybasic acids: 
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^Tetrex^^ polybasic acid is a component of the ^Tetrex’^ alkyds. 

The “Petrexes” possess better solubility in cheap solvents than do most 
other alkyds, because of their terpenic character. They are premium 
priced resins which have found especial application in roller coating 
enamels, tin decorating finishes, and heat sealing paper and textile coat- 
ings. They can be used for bonding applications with metal foils and 
cellophane. They exhibit unusually good flowing and levelling character- 
istics. They are priced at about 40 cents per pound. 


Unmodified or Straight Tridimensional Alkyds 

It has been shown that glycerol and phthalic anhydride react with each 
other at elevated temjieratures to form polyesters. During the early stages 
of resinification the hot reaction mixture is liquid. Upon continued heat- 
ing more complete esterification occurs, resulting in a cross-linked gel 
which forms rapidly throughout the entire mass, once it appears. The 
tridimensional structure thus created is hard and brittle upon cooling and 
is insoluble in most solvents. Long-continued heating of the gel converts 
it to a still harder, more insoluble product in which brittleness gives way 
to toughness. The probable formula for a typical section of a gelled 
glyceryl phthalate resin was shown on page 236. 

As in the reaction of phthalic anhydride with ethylene glycol, esterifi- 
cation under isothermal conditions is about half over within the first 
minute at 190°. Gelation, however, occurs before esterification is complete, 
usually at 75-79 per cent reaction. The log of the gelling time is a linear 
function of the reciprocal of the absolute temperature of reaction, as 
shown in Figure 94. Figure 95 shows the relationships between free acidity, 
evolved water, and time of esterification of glycerol and phthalic acid 
under a given set- of conditions. 

The initial gelled resinous product begins to soften at temperatures 
above 40°, but does not melt below its decomposition point. It is slowly 
attacked by water and, upon prolonged exposure, whitens and softens. On 
long heating, condensation is carried further to a point where the resin is 
far more resistant to water. Both the final and intermediate products of 
resinification are insoluble in the usual organic solvents. Although not 




Figure 94. Gel time vs, reciprocal of the absolute temperature in the esterification 
of glycerol with phthalic anhydride in 2:3 molar ratio. {Kienle and llovey^^) 



20 40 60 80 100 120 140 160 

TIME IN MINUTES 


Figure 95. Relation between time of reaction, evolu- 
tion of water during condensation, and acid number of 
the product formed by esterification of glycerol with 
phthalic acid in 2:3 molar ratio at 190®. {Kienle, van 
der Meulen, and Petke 
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truly soluble in glycerol, they react with it, degelling by ester interchange. 
If reaction be carried out in an atmosphere of carbon dioxide, or in vacuo, 
the product is almost colorless. 

In accordance with the nomenclature adopted for the phenolics, heat- 
convertible alkyds have been classified as A-, B-, and C-stage resins, 
depending upon the extent of resinification as reflected by their resistance 
to acetone and cold water. A-stage alkyds are fusible and soluble in 
acetone, hence clearly distinguishable as pre-gel resins. The line of divi- 
sion between B and C stages is much less clean-cut. 



Courtesy The Resinous Products & Chemical Co. 


Figure 96. In the production of “Paraplex” resins, the filter press is 
used to remove any impurities which might affect their uniformity. 


Both B- and C-stage resins can be molded, but usually with much 
difficulty. Prolonged heating is required. Moreover, decomposition at- 
tended by gas formation often occurs where alkyds are molded under 
pressure. Hence, in commercial practice, molding powders of alkyd resins 
are not manufactured and molded alkyds are very limited in number. 

Straight glyceryl phthalates have not been widely used industrially 
because of their restricted solubility relationships. Nevertheless, the first 
technical application, still important, of alkyds was the use of A-stage 
glyceryl phthalate in acetone solution as a bonding agent for mica. After 
evaporation of the solvent, the coated mica is molded under pressure while 
the resin is heat-cured. Oil-modification is used in the production of 
flexible mica sheet. 

Many other dibasic acids besides phthalic have been used in the manu- 
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facture of straight tridimensional alkyds. Resinous glycerol esters of both 
phthalic and maleic acids are hard and brittle at room temperature. Those 
produced from polymethylene dicarboxylic acids, on the other hand, are 
more or less flexible. Their softness and flexibility increases as the chain 
length mounts from succinic to sebacic acid. Glyceryl sebacates are soft 
and pliable. 

The characteristics of various heat-convertible alkyds are given in 
Tables 26 and 27. 


Table 26. Effect of Varying Reactivity of Acid in Heat-Convertible Alkyd Resins 


Acid 

Reactivity 

of_Acid 

Reactivity 
of Alcohol 
(glycerol) 

Flow Point* 
of Resin (° ( .) 

Remarks 

Benzoic 

1 

3 

— 

Simple esters; no resin 
Hard, glassy, clear 

Phthalic 

2 

3 

110-115 

Acetic 

1 

3 

— 

Simple esters; no resin 
Medium hard, flexible 

Succinic 

2 

3 

— 

Citric 

3 

3 

60-80 

Hard, brittle resin 

Maleic 

3 

3 

90-100 

Hard, tough resin 


* Taken just prior to conversion. 


Table 27. Effect of Varying Reactivity of Alcohol in Alkyd Resins** 


Alcohol 

Reactivity 
of Acid 
(phthalic) 

Reactivity 
of Alcohol 

Type of 

Resin 

Flow 
Point * 
of Resin 

(*r) 

Water 

Resist- 

ance 

Remarks 

Methyl 

2 

1 

— 

— 

Insoluble 

No resin, pure 







compound 

Ethylene 

2 

2 

Heat non-con- 

80-85 

Excellent 

Hard, glassy 

glycol 



vertible 



resin 

Propylene 

2 

2 

Heat non-con- 

70-80 

Excellent 

Hard resin 

glycol 



vertible 




Diethylenc 

2 

2 

Heat non-con- 

20 

Excellent 

Balsam 

glycol 



vertible 




Glycerol 

2 

3 

Heat-con- 

110-1 15* 

Fair 

Hard, glassy 




vertible 



resin 

Mannitol 

2 

6 

Heat-con- 

117* 

Poor 

Hard, opaque 




vertible 



resin 


* Flow point taken just prior to conversion. 


The properties of cross-linked alkyds can be modified by admixing 
several polyfunctional reactants. Thus, by reacting phthalic anhydride, 
glycerol, a glycol, and a saturated aliphatic dibasic acid such as succinic, 
adipic, or sebacic acid, cured C-stage resins are obtained which arc flexible 
and possess more or less rubber-like qualities. The degree of flexibility 
and softness increases as the proportion of bifunctional reactants is in- 
creased. To some extent, flexibility is also augmented as the length of the 
polymethylene chain of either the glycol or aliphatic acid is increased. 
Resins of this category can be cast before gelation and then cured, or they 
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can be cured to the B- or C-stage, then milled on rubber rolls, compounded 
with fillers or other materials such as rubber or a synthetic rubber, and 
further cured at temperatures of 125° or above. Table 28 gives a compari- 
son of a series of products prepared from glycerol, ethylene glycol, phthalic 
anhydride, and succinic acid. 

Table 28. Comparison of Certain Physical Properties of a Cured, Flexible 

Resin Series •* 


Molar 

Ratio 

C’laat Sheets 

Plastic Sheets 


of Glycol 



Shore 

Hard- 

ness 



Succinate 
to Glyceryl 
Fhthalate 

Shore 

Hard- 

ness 

Shore 

Elasticity 

Shore 

Elasticity 

Remarks 

in Resin 






1 :1 

99 

— 

100 

— 

Very tough, stiff, 






hard 

2:1 

97 

— 

100 

— 

Tough, hard, 






bendable 

4:1 

95 

33 

100 

— 

Tough, flexible 

.6:1 

83 

38 

74 

43 

Tough, very 






flexible 

8:1 

63 

95 

49 

88 

Rubbery, exceed- 






ingly flexible 

10: 1 

55 

95 

39 

95 

Very rubbery 


Flexible alkyds of the kind just described often show a tendency to 
de-gel and become sticky on prolonged standing at room temperature. 
This fact has militated against their general application. They are, how- 
ever, manufactured in limited amounts. “Glyptal” 1253-U, for example, 
appears to be the reaction product of glycerol, ethylene glycol, phthalic 
anhydride, and adipic acid. This, or an analogous product appears to be 
used to some extent in combination with neoprene in the manufacture of 
“Vulcan” offset printing blankets. The attempted use of this type of 
composition as a leather substitute in gas meter diaphragms is said to 
have been somewhat less successful. 

A different type of flexible alkyd has been developed by Hercules 
Powder Company from the polybasic acid component of “Petrex” shown 
on p. 240. Three-dimensional alkyd resins can be prepared from either the 
dibasic or polybasic acid components of this product by esterification with 
glycerol or other polyhydric alcohols and such alkyds are available in 
certain numbered grades of “Petrex” resins. Esterification of the dibasic 
acid component of “Petrex” with ethylene glycol yields only a linear, 
thermoplastic polyester. Inasmuch as about half of the complex terpene- 
maleic anhydride reaction product consists of the above-noted resinous 
polybasic acid, however, esterification of the entire acid mixture with 
glycol produces a three-dimensional resin, self-plasticized with the linear 
alkyd just mentioned. A portion of the cross-linked resin produced with 
ethylene glycol may be represented as follows: 
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Both glycerol and ethylene glycol polyesters of ^Tetrex’^ polybasic acid 
are hard, brittle solids. Diethylene glycol yields a tough, somewhat elas- 
tomeric product, while triethylene glycol gives a still softer polyester, 
tough, flexible, and rubber-like. The hexaethylene glycol resin gels with 
difficulty. The nonaethylene glycol ester is a soft, non-gelling balsamic 
fluid at room temperature. 

Non-Drying Oil Modified Tridimensional Alkyds 

It has been remarked that the bulk of commercial alkyds today are 
modified with one or more of several different types of materials. This is 
almost universally true in the case of resins destined for surface coatings, 
the straight alkyds previously discussed having limited specialty uses, 
but almost none at all as varnish or lacquer vehicles, although some of 
them may be used therein as plasticizers. 

A portion of the dibasic acid used as an intermediate in alkyd resin 
formation can be replaced by an equivalent amount of a monobasic acid. 
Likewise, a portion of the polyhydric alcohol employed can be substituted 
by a monohydric alcohol. The properties of the product will be modified 
accordingly. In actual practice, monohydric alcohols arc scarcely ever 
utilized. Monobasic acids, however, are very important. The use of vola- 
tile fatty acids appears to have no special merit. On the other hand, 
incorporation of the higher fatty acids — ^non-drying, semi-drying, or 
drying — ^into the struct^re of alkyds yields products which are more 
flexible than the corresponding unmodified resins. They are also more 
compatible wHh other resifls, notably cellulose nitrate, ethyl cellulose, and 
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chlorinated rubber, and improve flexibility and adhesion of the latter 
resins. From 26 to 80 per cent of the resin may be ^atty acid. Short oil 
lengths possess from 25 to 50 per cent of fatty acids, medium oil lengths 
from 60 to 66 per cent, while long oil alkyds may have as much as 80 
per cent of fatty acids in their structure. In this section we shall confine 
our attention to alkyds modified with non-drying oil acids. 

These resins can be cured by heat to tridimensional, insoluble structures, 
a portion of which may be typified as follows: 



where R represents the residue of a fatty acid. 

The prin(*ipal non-drying and semi-drying oils employed in the modi- 
fication of alkyds are coconut oil, cottonseed oil, and castor oil. In pre- 
paring these resins, the oils themselves, with the exception of castor oil, 
are not reacted directly with phthalic anhydride and glycerol, or other 
components, for they are immiscible therewith and reaction is so slow 
that the anhydride and glycerol react together and gel before the oil enters 
into the structure of the resin. The oil, however, may first be converted 
to monoglyccrides by heating with glycerol before addition of the acid 
anhydride. Reaction then occurs as desired. This method is used in the 
manufacture of a very considerable proportion of alkyds because of its 
relatively low cost in comparison with other processes. In view of the 
fact that purified, distilled fatty acids have become increasingly available 
in recent years, however, it is now also fairly common practice to react 
the free fatty acids with glycerol and phthalic anhydride directly. 

Reaction is stopped before gelation occurs and the resins are cured by 
heat after application to the surface to be coated. One of t\ie main uses 
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of non-drying alkyds is in combination with urea-formaldehyde resins in 
baking finishes. These non-drying alkyds are also used in the A-stage as 
permanent plasticisers for nitrocellulose or other air-dried lacquers. 

Oil modified alkyds are more soluble in hydrocarbons and other solvents 
than the corresponding \mmodified resins. Their solubility increases with 
increasing oil length. Where the degree of modification reaches 50 per 
cent, the resins are quite soluble in petroleum solvents. Straight glyceryl 
phthalates, on the other hand, are insoluble in both aliphatic and aromatic 
hydrocarbons. Non-drying alkyds are usually modified to the -extent of 
25 to 40 per cent. They are, therefore, relatively poor in petroleum 
solvency as a rule and require coal tar hydrocarbons, esters, chlorinated 
hydrocarbons, or lower ketones to produce satisfactory solutions. Alcohols 
may be used to effect reduction of the viscosity of these solutions. 

Non-drying oil modified alkyds are utilized in coatings for linoleum, 
leather, fabrics, and rubber, often in conjunction with other resins. High 
grade artificial leather, for example, is produced by coating fabric with 
semi- or non-drying oil modified alkyds admixed with nitrocellulose. 
Other uses include clear metal lacquers for both interior and exterior 
service. They are particularly important as plasticizers for nitrocellulose 
in automobile lacquers where they may be used in amounts varying from 
equal quantities to twice as much alkyd as cellulose ester. Other resins 
plasticized with this class of alkyd include urea-formaldehydes, especially, 
and ethyl cellulose, chlorinated rubber, melamine, and drying oil-modified 
alkyds. Non-resinous plasticizers are sometimes used in conjunction with 
non-drying oil-modified alkyds of medium or short oil length where the 
latter are combined with other synthetic or semi-synthetic resins. 

Drying Oil Modified Alkyds 

Incorporation of the acids of drying oils into the molecular structure 
of an alkyd seems an obvious step from the use of non-drying oil acids, 
yet more than ten years elapsed between these two developments. This 
time lag is in part explicable by the limited knowledge of macro-molecular 
substances then existing. The utilization of drying oil acids represented 
a great advance because the resulting alkyds not only possess solubility 
characteristics similar to those of the non-drying oil alkyds, but they also 
yield hard films by either baking or air-drying. Indeed they air-dry much 
more rapidly than the oils from which they are prepared. The dried films 
are tough and durable, weather well, and possess high gloss, excellent ad- 
hesion to metallic surfaces, and superior resistance to light, heat, and 
chemicals. Baked-on films show better water resistance than those formed 
by air-drying. Baking temperat\U'es vary from 150® F to over 300® F, de- 
pending on conditions. 
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The most important drying oils used to modify alkyds are soybean, 
linseed, dehydrated castor, tung, fish, perilla, and oiticica. Others include 
sunflower and walnut oils. Drying is much more rapid than with the oils 
themselves and is usually in the same relative order as the unreacted oils. 
Although alkyds modified with soybean oil are slower drying than 
those prepared from linseed or dehydrated castor oils, and much slower 
than tung oil modified resins, nevertheless soybean oil is an excellent 



Figure 97. Phthalic anhydride, 
glycerol, and oil acids are reacted 
together to form “Duraplex” alkyd 
resins. 


Courtesy The Resinous Products 
< 5 * Chemical Co. 


modifier, giving light-colored, rapid-drying alkyd resin varnishes. Tung 
oil, holvever, although a superior drying oil by itself, is not very satisfac- 
tory as a modifier for alkyds because it is so reactive that well condensed, 
low acid number resins can be prepared from it only with difiBculty. 

In general, the greater the oil length, the longer the time required for a 
drying oil modified alkyd to set and harden, although complete hardness 
throughout the film develops more rapidly with increasing oil length. 
Flexibility and water-resistance increase with oil length. Mineral spirits 
tolerance of the alkyd also improves with the amount of oil modifier; this 
characteristic is reflected in increasing ease of brushing and compatibility 
with oils and varnishes, but in decreasing resistance of the dried film to 
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oil and gasoline. Air-dried long oil alkyds possess somewhat better dura- 
bility than the corresponding short oil resins, but the reverse is true of 
baked-on films. Hardness, mar-resistance, gloss, and color retention of 
short oil modified alkyds are also better than in the case of long oil resins 
where the films are cured by baking. 

Drying oil modified alkyds are used both alone and admixed with other 
resins like cellulose nitrate, ethyl cellulose, and chlorinated rubber. The 
latter improves drying speed, but may adversely affect adhesion. 

Hovey has listed various general methods of blending alkyds with other 
materials commonly used in adhesive formulation as shown in Table 29. 

Table. 29. Methods of Blending Alkyds with Other Adhesive Materials®^ 

Material 

Mastic 
Dammar 
Rosin 
Shellac 
Copal 

Rubber (smoked sheet) 

Water glass 
Glue 
Pitches 

Casein 
Chicle 

Rubber latex 
Nitrocellulose 
Pine tar 
Canada balsam 
Drying oils 
Phenolic resin 
Urea resin 
Polyvinyl acetate 
Coumarone resin 

1. Cooking with other ingredients in preparation of alkyd resin. 

2. Simple heat-blending. 

3. Hot mixing on rolls, in dough mixer, or in Banbury. 

4. Dissolving both in a common solvent or in miscible solvents. 

5. Using a water solution of ammonia or triethanolamine. 

Drying is facilitated by addition of conventional driers such as lead, 
cobalt, manganese, and zinc fatty acid salts, naphthenates, or resinates. 
The amounts used generally range from 0.01 to 0.5 per cent metal, based 
on resin content, the exact quantity depending on the nature of the resin, 
drier, and drier combination. The use of zinc drier helps to prevent 
wrinkling. 

The formulation of paints, varnishes, lacquers, and enamels based on 


Method of Blondinp; with 
Alkyd Resins 

1,2, 3, 4 
1,2, 3, 4 
1,2,3, 4 

3.4 

1.3 

1.3.4 if with a hydrocarbon- 
soluble resin 

5 

3.5 

3.4 if resin is of hydrocarbon- 
soluble type 

3,5 

3.4 

3.5 

3.4 
1,2,3, 4 

1.2. 3.4 
1,2, 3, 4,5 

1.3.4 

1.3.5 
3,4 

1.2.3.4 
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alkyd resins is as much of an art as the preparation of these materials 
with any other type of vehicle. The alkyds are used in solution in organic 
solvents which are customarily thinned with coal tar or petroleum naph- 
thas. They are also employed in solution in drying oil vehicles such as 
tung, linseed, oiticica, perilla, and dehydrated castor oils. Long-oil alkyds 
blend best with drying oils. Care must be exercised to ascertain that 
initially homogeneous blends do not tend to separate on standing. Short 
oil varnishes in which the oils have not been subjected to excessive heat 
treatment are most satisfactory for blending with alkyds. 

Less commonly, alkyds are applied from aqueous emulsions. 

Pigmentation must be carried out with care. During the early years of 
the alkyds, the high acid numbers frequently encountered prevented use 
of reactive basic pigments. These materials should still be used with 
caution, although manufacturing control has advanced greatly during the 
past decade so that many resins are now available which possess such low 
acidity that they can be combined with practically all common pigments, 
including zinc oxide. Acid numbers of commercial resins usually run from 
about 3 to 60, although they may occasionally be either higher or lower 
than this range. 

In typical white enamels, approximately equal parts of pigment and 
alkyd resin may be employed. With organic reds, from 3 to 6 times as 
much resin as pigment may be used, while with carbon black the ratio of 
resin to pigment may run as high as 16 or 20 to 1. In primers, the amount 
of pigment may be in excess of the resin — often from 2 to 4 times as much. 

Particularly satisfactory flatting of alkyd finishes can be accomplished 
by the use of fine diatomaceous earth. 

Typical formulations of drying oil modified alkyds are given on the 
following page as recommended by the manufacturer of the resins in- 
volved. 

Resins modified with drying oils are the most widely used type of 
alkyd. Motor car, truck, and railway primers and finishes represent a 
very important outlet for these materials. They are also used on metal 
surfaces in numerous other applications, such as bridges, busses, bicycles, 
street cars, tank cars, lawn furniture, metal cabinets and housings, hard- 
ware, can coatings, signs, gasoline pumps, washing machines and other 
equipment for household, farm, and factory. They are utilized in arc- 
proof coatings for electrical parts including controller shafts, finger blocks, 
switch bases, armature coils, and frames, as well as in enamelled wire 
coatings. They are used in house paints, marine paints, and printing inks. 
For these last three applications long oil resins are usually employed 
whereas shorter lengths are used as vehicles for metal primers and metal 
finishes to be baked at low temperatures. Drying oil modified alkyds are 
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‘"Duraplex” G-45 HV Varnish Blend Red Enamel 

Paste 28% Toluidine Red 

68% ‘‘Duraplex” C-45 HV (60%) 

14% Mineral thinner 

Enamel 100 parts Paste 

82 parts ‘‘Duraplex*' C--45 HV (60%) 

66 parts F-0903 Varnish * 

54 parts ‘‘Troluoil ” 

6 parts Xylene 
0.05% Cobalt ) 

0.025% Manganese > Drier based on resin solids 
0.5% I^ead J 

Enamel contains: 

20% Pigment-Toliiidine Red 

80% Resin solids | ® Parte “Duraplex” C-45 HV 
\ 1 part Varnish 

* ‘‘Amberol” F-0903 Varnish: 

100 lbs ^‘Amberor* F-7 
9 gal Tung oil 

3 gal Linseed oil (alkali refined) 

20 gal Mineral thinner 

Heat oil and resin to 685® F. Cool and reduce. 

“Duraplex” C-45 HV is the trade name of an alkyd produced by the Resinous Prod- 
ucts and Chemical Co. containing 33 per cent phthalic anhydride and modified with 
56 per cent drying oil acids. Its acid number runs from 3 to 9. It is supplied as a 60 per 
cent solution in mineral spirits. 


“Duraplex” C-49 — “Parlon” White Enamel 

60% Pigment | ? «tenium dioxide LOCK 
® \ 1 part zinc oxide 

40% “Duraplex” C-49 (60% solids in Solvesso No. 2) 

100 parts paste 

36 parts “Duraplex” C-49 (60% solids in Solvesso No. 2) 

37.6 parts 10 cps “Parlon” (chlorinated rubber) (40% solids in xylene) 
10 parts Solvesso No. 2 

o \ based on “ Duraplex ” resin solids 

0.02% manganese J ^ 

Enamel contains: 

60% pigment 

Reduce 4 ; 3 with xylene to spray. 

Bake at 176-180® F for 30 minutes. 

“Duraplex” 049» also made by the Resinous Products and Chemical Co., contains 
32 per cent phthalic anhydride. It is modified with 68 per cent drying oil acids (non- 
yellowing, probably soyb^n). Its acid number is 1 to 4, and it is suppli^ in 60 per cent 
solution in mineral spirits. 


Paste 

Enamel 
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used in finishes applied to all manner of military equipment, from tanks 
and planes to battleships, anti-aircraft guns, and steel runway planks for 
airfields. Both drying and non-drying oil modified alkyds are used in 
flexible fabric coatings which exhibit particularly good resistance to mus- 
tard gas. 

Before World War II, drying oil modified alkyds had gained general 
recognition for interior finishing in glossy rapid-drying lacquers. Military 
applications have emphasized flatted coatings. Their use in exterior house 
paints has lagged largely because of solvent cost, but it appears that this 
market is likely to become important, especially as a result of the intro- 
duction of aqueous emulsions of drying oil alkyds. Such emulsions can be 
purchased in concentrated form, then diluted with water and brushed or 
sprayed. Upon evaporation of the water, the resin globules coalesce into 
a coherent film which, upon drying, is impervious to water and can serve 
as a durable exterior as well as interior finish. 

Alkyd resin emulsions can be applied to porous moist surfaces if neces- 
sary, such as plaster, stucco, wood, brick, or concrete. They have found 
especial favor in traffic and zone marking paints where they can be used 
without fear of bleeding of the asphalt road covering. They have gained 
military acceptance, being extensively employed in camouflage paints. In 
washability and weather resistance, alkyd resin emulsion paints are better 
than other types of emulsions. They are available under certain special 
trade names such as ^‘Aquaplex^^ and as water emulsions of many trade 
products already listed such as ‘^Beckasol,'* and ^Tetrex.^^ 

Rosin-Modified Alkyds 

Alkyd resins may be modified with rosin (abietic acid), or other natural 
resin acids. Rosin is the most common modifier, but ester gum and run 
copals arc also used. The products are hard and brittle, soluble in many 
organic solvents, and compatible with drying oils and nitrocellulose. They 
are relatively high melting and exhibit excellent solvent release. Inasmuch 
as coatings containing these resins are considerably more brittle than 
those based on oil-modified alkyds, they do not weather as well as the 
latter and possess poorer durability. Alkyds modified with rosin may also 
be modified with either drying or non-drying oil acids. 

Rosin is especially favored as a modifier for alkyds prepared from 
maleic anhydride. The rosin may be added directly with the other resin 
intermediates, or it may first be reacted with maleic anhydride to form 
an addition product which is then resinified by esterification. The main 
constituent of rosin is a triterpenic compound, abietic acid. L. Ruzicka 
and his school, especially, have studied the structure of this acid which 
is represented as shown at the top of the next page. Because it is 



ALKYDS AND ALLIED RESINOUS ESTERS 


253 


H3C CO2H 



thought to possess conjugated unsaturation, it may be that this inter- 
mediate rosin-maleic anhydride adduct is the result of a Diels-Alder 
synthesis. This possibility, however, has by no means been proved and in 
view of the diversity of reactions into which maleic anhydride can enter 
with unsaturated systems — as typified by the earlier discussion of ^Tetrex^^ 
polybasic acid — no certain statement concerning the structure of this ad- 
dition product can as yet be made. 

Rosin-modified alkyds are especially favored in lacquer sanding sealers. 
They are used in 4-hour enamels and in varnishes for general interior 
application, for furniture and radio finishing, and for hardware protection 
where external weathering will not be encountered. They are used for 
decorating tinware and in collapsible tube enamels, in linoleum varnishes, 
and in printing ink formulation. 

Typical rosin-modified alkyds include ^^AmberoP^ 800, 801, 801~P, and 
806~P; ^^Beckacite” 1111 and 1120; ^XewisoP^ 2L, 28, and 33; “Petrex^^ 
No. 1, and variously numbered ^^Teglacs.’^ 

Synthetic Resin Modified Alkyds 

It is common practice to modify alkyd resins with other synthetic and 
semi-synthetic resins. In some instances, this amounts merely to a phys- 
ical combination, based upon compatibility, as in the use of oil-modified 
alkyds in conjunction with cellulose nitrate, ethyl cellulose, and chlori- 
nated rubber. Such mixtures are usually prepared by the varnish or 
lacquer formulator. In other cases, some sort of chemical combination 
occurs and the modifying resin may be combined with the alkyd before 
it reaches the formulator. This situation is particularly true of modifica- 
tions with phenolic and urea resins where combination presumably occurs 
through the etherification of methylol groups present in A- or B-stage 
formaldehyde condensation products of these two types. 

Phenolic Modified Alkyds. In the case of modification with pheno- 
lics, the cured film is harder and more resistant to water, chemicals, and 
heat than the alkyd itself. It is usually quicker setting, shows higher 
gloss, afid possesses better water-resistehce, where air-dried, than the 
alkyd abne. On the other hand, its initikl^olor as well as its color reten- 
tion is usually not as good as that of the alkyd. By way of contrast, the 
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color of the corresponding phenolic resin, itself, is improved. Its adhesion 
is bettered. Its flexibility is likewise augmented. 

Phenolic resin modified alkyds may also be modified with oils and with 
natural resins. 

These resins find typical uses on metal furniture, farm and factory 
machinery and tools, motor car accessories, washing machines, molded 
plastic parts and, where modified with oils, in traffic and zone marking 
paints. 

Urea and Melamine Modified Alkyds* Alkyds are also modified with 
urea and melamine resins. The latter are utilized in an intermediate stage 
of condensation, often in the form of half acetals produced by reaction 
with lower aliphatic alcohols such as butanol. In such surface coatings, 
color and color retention of the alkyd is improved and hardness is in- 
creased. In the case of melamine modifications, hardness is especially 
pronounced so that care must be exercised to retain sufficient flexibility 
to prevent the film from chipping because of brittleness. In water and 
heat resistance, melamine modifications show superiority over thosp of 
urea. Such resins are also modified with oils. 

Urea-modified alkyds are employed especially where white or light 
colored coatings possessing excellent color retention are essential, as in 
refrigerators and bathroom and hospital equipment. 
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Chapter 12 

Polyamides — Nylon 


History 

Nylon is a generic word coined in 1938 by the du Pont Company to 
designate a whole family of new products — ^the synthetic polymeric amides. 
It is not a trade-mark. Du Font’s official definition for nylon is as follows: 

“A generic term for any long-chain synthetic polymeric amide which 
has recurring amide groups as an integral part of the main polymer chain, 
and which is capable of being formed into a filament in which the struc- 
tural elements are oriented in the direction of the axis.” 

Because of certain similarities between nylon and natural fiber pro- 
teins, it has occasionally been said that the former had its inception in 
earlier scientific work on the nature of proteins. This idea, however, is 
rather stretching the imagination. It is quite true that, long before nylon, 
Emil Fischer and others had recognized proteins as being constituted of 
various a-amino acids. Certain synthetic condensation products of these 
acids had been prepared and, indeed, a few products — some of which were 
thought to be polymers — had even been made from dibasic acids and 
diamines, an example being polytetramethylene carbonamide. Fiber- 
forming characteristics of these polyamides, however, were not noted. 
Descriptions were sketchy and of little merit and the products themselves 
possessed no known Or contemplated utility. The existence of amido 
groupings in proteinaceous substances and in animal fibers was thus well 
recognized at the time- that the development of nylon was begun, and 
indeed, other du Pont research had been directed toward improved types 
of fibers based on amino derivatives of cellulose, from which no commer- 
cially suitable fiber resulted. Nevertheless, nylon was not the result of 
of any of this previous work. It was rather an outgrowth of fundamental 
studies on the nature of polymerization which began with an investigation 
of linear polyesters. Some of this work has been described in Chapter 11. 

In 1928 the du Pont Company began a program of fundamental research 
in their Chemical Department at the Experimental Station in Wilmington 
and employed W. H. Carothers to initiate and direct the organic chemistry 
group organized as part of! this new activity. The broad aspects of 
polymerization and condensation formed the main theme of research and 
resulted in highly significant contributions to this field. These studies 
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included the investigation of various polymeric hydrocarbons, chlorinated 
hydrocarbons, alcohols, oxides, acid anhydrides, esters, and amides. 

In their study 'of polyesters, Carothers and an associate, J. W. Hill, 
employed the molecular still as a means of continuing esterification beyond 
the point at which it normally stops under atmospheric pressure. By so 
doing they evolved superpolymers possessing molecular weights in excess 
of 10,000. Upon removing one of these superpolyesters from a still. Hill 
discovered that it could be drawn out into filaments from a molten mass 
of material and these filaments could, in turn, be cold-drawn still further 
under slight tension, thus permanently increasing their length by several 
times. Strength and toughness of the filaments were increased by cold- 
stretching; brittleness was decreased. The superpolyesters which were 
obtained in this early work, and with which these phenomena were first 
observed, softened at too low temperatures and possessed too great solu- 
bility in dry-cleaning fluids, for example, to yield suitable commercial 
fibers. Nevertheless, the invention of a method for producing linear super- 
polyesters and the discovery of their adaptability to cold-drawing, con- 
stituted the groundwork upon which nylon was later developed. 

During the first three years of fundamental investigations in the 
du Pont Chemical Department at the Experimental Station, Carothers 
and Berchet had studied polyamides from e-amino caproic acid and 
Carothers and Kirby had prepared a number of polyamides from dibasic 
acids and diamines. These products were less soluble and possessed higher 
melting points than the analogous polyesters. 

Later, work was concentrated on the synthesis of a polyamide which 
might form the basis for a commercial textile fiber. On February 28, 1935, 
the superpolymer that was subsequently selected for commercialization 
was synthesized from hexamethylenediamine and adipic acid. By the 
following year responsibility for the commercial development of fibers 
from this “Polymer 66,” so named because of the presence of six carbon 
atoms in each of its components, was assumed by the Rayon Department 
of du Pont. Rapid commercialization followed. The first pair of stock- 
ings was made in February, 1937, from yam produced at the Experimental 
Station. A pilot plant was constructed during the summer of the following 
year and, in the fall of 1938, “Polymer 66” made its public debut in the 
bristles of “Dr. West’s Miracle Tuft” toothbrush, under the trade-mark 
“Exton.” In October, 1938, after a decade of intensive research and 
development, nylon was formally announced to the public. A year later, 
to the month, retail sale of nylon stockings, produced from pilot plant 
yam, began on a trial basis in Wilmington. The first large-scale plant con- 
stracted at Seaford, Delaware, began operation two months afterwards. 
Nylon hosiery was placed on sale in all principal cities of the coimtoy on 
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the same day, May 15, 1940. So great had been the emphasis laid upon 
coal, air, and water as the sources of these new stockings that according 
to the New Yorker, an early shopper requested a pair produced from 
anthracite because she felt they ought to wear longer than those made of 
soft coal! 

About 64 million pairs of ladies’ stockings were sold during the first 
year. In 1941, between 17 and 20 per cent of all full-fashioned hosiery 
was knitted from nylon. 

The Seaford plant was rapidly expanded to permit manufacture of 
about three times the amount of nylon originally intended. A second plant 
was soon completed so that production had again been doubled by the 
time that war broke out. Still further increases were made during World 
War II for military reasons. 

Numerous uses have been made of nylon in many forms during its brief 
and meteoric career. Throughout World War II, it was utilized almost 
exclusively for military purposes, among which parachute cloth was 
the most important. This application was formerly filled satisfactorily 
only by Japanese silk. 


Chemistry 

The structure of natural fiber proteins can be represented as follows: 

O O O O 

XH~CHR— ^ 

in which R may be any of several different radicals, usually more than 
one. The major components of silk fibroin, for example, are glycine, 


and alanine, 


H2N— CHr-C—OH, 


H,C— CH(NH2) 


— C^H. 


These two a-amino acids are present in silk to the extent of about 40 per 
cent and 23 per cent, respectively, so that a portion of the structure of 
fibroin, neglecting less important constituents, can be depicted approxi- 
mately as follows; 

o o o 


-NH— CH,— C— NH— CHr-C— NH— CH— C— 

(*;h. 


Wool protein is still more complex, R in the preceding general formula 
representing at least fourteen different groups corresponding to various 
amino acids which are present in this protein in the following proportions; 
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Amino Acid 

Glycine 

Alanine 

Valine 

Leucine 

Serine 

Proline 

Aspartic acid 
Glutamic acid 
Cystine 

Tyrosine 

Tryptophane 

Arginine 


Histidine 

Lysine 


Formula 

o 

HaN— CHa— C— OH 
O 

H,C— CH— C— OH 
NHa 


O 


(HaOaCH— CH— C~OH 

iIhj 

(H8C)2CH— CHa— CH— COaH 
NHa 

HO— CHa— CH— COaH 


NHa 


HaC— CHa 


H 


1 >™ 

C— CH 

iosH 

HOjC— CHr-CH— COaH 

iIhj 

HOaC— (CHa)a— CH— COaH 
NHa 

HS— CHa— CH— COaH 


NHa 


CHa— CH— COaH 

lljHa 



-CHa— CH-COaH 

JjHa 


N 

H 


HN==C— NH— (CHa)a— CH— COaH 

NHa iIh, 

CH 

<!:H=======Kl)--CHr-CH— COaH 

iIh, 

NHa— (CH,)c-CH— COaH 

iIth, 


Per Cent 


0.6 


4.4 


2.8 


11.5 

2.9 

4.4 


2.3 


12.9 

13.1 

4.8 

1.8 


10.2 


6.9 


2.8 


Total 81.4 
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These natural fibers are polyamides derived from a-amino acids. 

Syhthetic polyamides, designated nylons, are prepared either by self- 
condensation of various amino acids or by amidation of dibasic acids 
with diamines. The earliest superpolyamide to be made in the du Pont 
laboratories appears to have been that derived from eamino caproic 
acid, NHjj-— (CHolo*— CO^H. When this material was first prepared, diffi- 
culty was experienced in spinning fibers because of the refractory nature 
of the polymer. Attention was later directed to polymeric products de- 
rived from dibasic acids and primary or secondary (preferably primary) 
diamines, usually of aliphatic nature. 

Upon neutralization of dibasic acids with diamines under mild condi- 
tions as, for instance, in aqueous or aqueous alcoholic solution, ionizable 
salts, often called nylon salts, are obtained which are constituted of molar 
proportions of the acid and amine. The salts are usually water-soluble 
and can be conveniently recrystallized from various alcohols or from 
aqueous alcoholic solutions. They are relatively insoluble in acetone, 
ether, and aromatic hydrocarbons. They possess definite melting points, 
some of which are tabulated below. 


Table 30. Melting Points of Various Salts Prepared from Certain Diamines 

and Dibasic Acids 


Diamine 

Acid 

Melting Point 
of Salt. ® C 

Tetramethylene 

Azelaic 

175-176 

Pentamethylene 

Sebacic 

129-131 

Hexamethylene 

Adipic 

183-184 

Hexamethylene 

Sebacic 

170-172 

Octarnethylene 

Adipic 

153-154 

Octamethylene 

Sebacic 

164-165 

Nonamethylene 

Adipic 

125-127 

Nonamethylene 

Sebacic 

159- 160 

Decamethylene 

Adipic 

142 143 

Decamethylene 

p-Phenylene <liacetic 

192 194 

U nd ecamethy lene 

Sebacic 

153-155 

Dodecamethylene 

Adipic 

144-145 

Dodecamethylene 

Sebacic 

157-158 

-pXylylene 

Sebacic 

210-212 

-pXylylene 

p-Phenylene diacetic 

250-252 


Control of salt formation can be established clectrometrically, a fact 
which facilitates regulation of the relative quantities of reagents so that 
exactly equimolar amounts can be used. Values of the i)H at the inflection 
point for solutions of typical nylon salts are 7.50 ± 0.10 for pentamethyl- 
cne diammonium sebacate, 7.63 ± 0.3 for hexamethylene diammonium 
adipate, 7.71 d: 0.03 for decamethylene diammonium adipate, and 7.03 ± ‘ 
0.10 for p-xylylene diammonium sebacate. 

Upon heating these salts to temperatures within the range of 180 to 
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300®, depending upon the specific salt, time, and other conditions, they 
can be dehydrated quantitatively to polyamides possessing the general 
structure 

0 0 0 0 
C— (CHa)*— C— NH— (CH2)v— NH— C— (CH2)*— C— NH-~(CH2)y— NH 

This formula resembles that of the fiber forming natural proteins, but 
differs therefrom in that both acid groups are attached to one intermediate 
while both amino groups arc attached to another. The most important 
nylon r)olymer at the present time is that derived from hexamethylene 
diamine and adipic acid. A portion of its structure may be indicated as 
follows: 


00 00 

NH~(CH2)<r— C— NH~(CH2)6— NH-~C-~(CH2)4--C 

Several types of nylon are now being produced, some of which represent 
different chemical compositions. 

In order to prevent discoloration at the elevated ten^P^ratures used in 
preparing nylon by fusion of a salt, as well as during the spinning of a 
finished polyamide from a melt, reaction and subsequent extrusion should 
be conducted in an inert atmosphere, such as nitrogen or hydrogen. Salt 
dehydration and polymerization can usually be carried out without the 
use of catalysts, but various mineral oxides or carbonates and certain 
halides such as stannous chloride can sometimes be used advantageously. 
Antioxidants, especially those like syringic acid which do not discolor, 
may be incorporated in the reaction mixture. 

Formation of polyamides from nylon salts need not necessarily be 
carried out by heating the dry salts. Any conditions favoring elimination 
of water may be employed. For instance, they can be heated in an inert 
solvent instead of being fused. Monohydric phenols — either phenol itself, 
cresols, xylenols, or other homologs or analogs of phenol — are the best 
and, indeed, almost the only solvents for the more refractory polyamides. 
Non-solvents like high-boiling mineral oils may also be used to facilitate 
heating, either alone or admixed with a phenol. 

Preliminary preparation and purification of a nylon salt appears to be 
the most satisfactory means of proceeding in the production of a poly- 
amide, because it affords a convenient way of ascertaining that the 
initial reactants will be present in chemical equivalency. It is, however, 
possible to use any other conventional means df forming an amide, such 
as direct reaction of dibasic acid and diamine at elevated temperature or 
reaction of a diamine with the anhydride, halide, or ester of a dibasic acid. 
Conditions required to form a polyamide vary according to the type of 
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amidation reaction. Thus, while temperatures of 180 to 300® and sev- 
eral hours of heating are employed in dehydrating- and polymerizing a 
nylon salt by fusion, dibasic acid esters — especially phenolic esters — 
will form polyamides at temperatures as low as 50®. In the case of the 
reaction of dicresyl adipate with hexamethylene diamine, fiber-forming 
superpolymers can be obtained after heating for hours at 155®. 

Polyamides are much less soluble in organic solvents than the corre- 
sponding polyesters and soften at higher temperatures. Like the poly- 
esters, but unlike many other high polymers, they possess fairly definite 
melting points and soften within narrow temperature ranges. Approxi- 
mate melting points, in air, of various fiber-forming superpolyamides are 
listed in Table 31. 


Table 31. Approximate Melting Points of Some Fiber-Forming Polyamides 

(In the presence of air)* 


Polyamide Derived from — M.P., ® C 

Ethyl nediamine and sebacic acid 254 

Tetramethylenediamine and adipic acid 278 

Tetramethylenediamine and suberic acid 250 

Tetramethylenediamine and azelaic acid 223 

Tetramethylenediamine and sebacic acid 239 

Tetramethylenediamine and undecanedioic acid 208 

Pentamethylenediamine and malonic acid 191 

Pentamethylenediamine and glutaric acid 198 

Pentamethylenediamine and adipic acid 223 

Pentamethylenediamine and pimelic acid 183 

Pentamethylenediamine and suberic acid 202 

Pentamethylenediamine and azelaic acid 1 78 

Pentamethylenediamine and undecanedioic acid 173 

Pentamethylenediamine and brassylic acid 176 

Pentamethylenediamine and tetradecanedioic acid 1 70 

Pentamethylenediamine and octadecanedioic acid 167 

Hexamethylenediamine and adipic acid 250 

Hexamethylenediamine and sebacic acid 209 

Hexamethylenediamine and 6c/a-methyl adipic acid 216 

Hexamethylenediamine and 1,2-cyclohexan^iacetic acid 255 

Octamethylenediamine and adipic acid 235 

Octamethylenediamine and sebacic acid 197 

Decamethylenediamine and carbonic acid 200 

Decamethylenediamine and oxalic acid 229 

Decamethylenediamine and sebacic acid 194 

Decamethylenediamine and paro-phenylene diacetic acid 242 

Paro-xylylenediamine and sebacic acid 268 

3-Methylhexamethylenediamine and adipic acid 180 

Piperazine and sebacic acid 153 

Hexamethylenediamine and diphenic acid 157 


* Melting points given in this table refer to observations made in the presence of air. 
In its absence, they may be quite different. For example, the melting point of the poly- 
amide made from hexamethylenediamine and adipic acid is here given as about 250'', 
whereas in the absence of air it is about 263^ 
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In general, as the length of the unit chain increases and as the degree 
of substitution therein increases, the melting point diminishes and the 
solubility of the polymer in various solvents is augmented. 

Much of the theory of nylon is an extension of the chemistry of linear 
polyesters discussed in the preceding chapter, to which reference should 
be made. As in the case of polyesters, low molecular weight cyclic di- 
amides are readily produced where formation of a five- or six-membered 
ring system is possible. The most useful fiber-forming polyamides, there- 
fore, arc derived from dibasic acids and diamines in which the total 
number of carbon and nitrogen atoms in the linear skeleton of a mono- 
meric structural unit is at least nine. It is, however, possible to prepare 
polyamides from diamines and dibasic acids capable of giving rise to a 
smaller structural unit, provided special care is observed. Fibers have 
been made, for instance, from polypentamethylene carbonamide, produced 
by reaction of dibutyl carbonate with pentamethylene diamine. 

Like linear alkyds, polyamides are first obtained in the form of rela- 
tively low polymers possessing molecular weights of 1000 to 4000. These 
a-polymers cannot be spun into fibers, but they can be converted to 
spinnable or superpolyraers, by continuing dehydration for a longer 
time or by altering the reaction conditions in such a manner that final 
traces of water will be removed and amidation will proceed substantially 
to completion. Reduced pressure may be used advantageously to assist 
the attainment of this state. It is, however, not essential to use vacuum ; 
the reaction can be carried out under atmospheric or even increased pres- 
sure if provision is made for removal of water by some other means. The 
final stages of condensation in superpolyamidation can be hastened by 
agitation, by bubbling nitrogen through the reaction mass or above its 
surface. In such a case, however, traces of oxygen should be removed 
from commercial nitrogen before use in order to prevent discoloration 
of the polymer. Better results will ensue if the reactor is lined with silver, 
chromium, or chromium-containing ferrous alloys. 

The viscosity of molten superpolymers is considerably greater than that 
of a-polymers, while the former dissolve more slowly than the latter in 
such solvents as phenol or formic acid, solution being preceded by swelling. 

In general, a superpolymer must possess a molecular weight in excess 
of 7000 to exhibit fiber-forming properties. Staudinger has estimated that 
the molecular weight of commercial nylon is in the order of 12,600. 

The viscosity of its solution in m-cresol affords a convenient means of 
control and permits the determination of the suitability of a polyamide 
for filament formation. If the intrinsic viscosity 

logeV 

C 
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is greater than 0.4, fibers can be drawn from it. Commercial fiber-form- 
ing products possess intrinsic viscosities of 0.5, to 2.0, usually 0.75 to 1.5. 
In the preceding formula, the ratio of the viscosity of a dilute (0.5 
per cent) solution of polymer in m-cresol to the viscosity of pure m-cresol 
at the same temperature, while C is the concentration of polymer in grams 
per 100 cc of solution. 

If dehydration of a nylon salt is carried out in a phenolic solvent, de- 
crease of conductivity is an indication of the extent of amide formation. 

The ultimate extent of polymerization, and hence of viscosity, theo- 
retically possible of attainment depends primarily upon the nature of the 
end groups present in a polyamide at any given instant. If one end group 
is carboxyl while the other is an amino radical, as would always be the 
case if a highly purified nylon salt were dehydrated or if a diamine were 
allowed to react with an exactly equimolar amount of a dibasic acid ester, 
for example, then reaction can continue indefinitely as long as dehydrating 
conditions are maintained and the ultimate molecular weight may be 
extremely high. Hence, the molecular weight of such a nylon would neces- 
sarily increase during spinning from a hot melt, resulting in rise of vis- 
cosity with the duration of spinning. This effect would be attended by 
alteration of physical properties and consequent lack of uniformity of 
spun filaments. In order to eliminate such troubles by preventing poly- 
merization of molten polymer from proceeding beyond a given point, it 
is necessary to add a small excess of either one of the two reactants origi- 
nally employed. In the presence of an excess of either, condensation 
will occur, theoretically, until all reactants are used up and the end groups 
become the same. With an extremely large excess of diamine, only a 
very low condensation product of one molecule of acid and two of diamine 
is formed: 


O O 

HaN— (CH*)*— NH— C— (CH2 )v--C— NH— (CH a),— NHj 

With a very large excess of acid, a corresponding low molecular weight 
product is formed wherein carboxyls serve as both end groups. 

As the excess of either reagent is decreased, however, the molecular 
weight of the polymer increases. Where the molar excess of either reagent 
is 6 per cent, or less, a polyamide is produced which can be spun. Usually 
at least 0.1 molar per cent excess of one of the reagents is essential in order 
to act as an effective viscosity stabilizer. 

It is also possible to use either a monobasic acid or a monoacidic amine 
to stabilize the viscosity of a polyamide. In such a case the chain will 
be terminated by alkyl groups from the aliphatic acid or amine or, in the 
exceptional case of ammonia itself, by — ^NHg groups. The approximate 
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amount of a given stabilizer required to produce a nylon of a given 
intrinsic viscosity is subject to calculation. 

■ The nature of the viscosity stabilizer affects the performance of nylon 




Figure 99. X-ray pattern of ori- 
ented Type 66 nylon filaments. 


Courtesy E. /. du Pont de Nemours & Co, 


on dyeing. Fibers prepared from dibasic acid-stabilized nylon are usually 
more readily dyed with basic dyes than are those made from diamine- 
stabilized polymers, Conversely, the latter possess greater affinity for 
acid dyes. 
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Like the corresponding polyesters, superpolyamides are microcrystal- 
line. Fibers can be cold-stretched from two to seven times their original 
length, resulting in parallel orientation of the crystallites with attendant 
increase of elasticity, flexibility, toughness, and tensile strength, and with 
the development of strong birefringence and parallel extinction where ob- 
served under crossed Nicol prisms. Figures 98 and 99 show x-ray dif- 
fraction patterns of nylon 66 before and after cold stretching. 

According to C. S. Fuller and coworkers at the Bell Telephone Labora- 
tories, quenched nylon exists in a mesomorphous state for it does not give 
rise to such a clearly defined x-ray crystalline diffraction pattern as the 
same material cooled more slowly. Apparently the molecules are, so to 
speak, '^frozen^' in the state in which they exist in the liquid when the 
rate of cooling is very great. Upon slower cooling, however, a larger 
number of chains assume a more stable lattice-like arrangement. Anneal- 
ing quenched nylon increases its crystallinity. Fuller and his collaborators 
liave reported that a certain degree of mesomorphism is essential for cold 
drawing and have maintained that the properties of elongation, flexibility, 
and setting of stretched fibers can be accounted for by the presence of 
mesomorphous areas within oriented nylon. Well annealed, highly crystal- 
line nylon can be cold-stretched only with difficulty, if at all. 

Manufacture 

Some ten kinds of nylon have been produced commercially, but not all 
of them represent different chemical compositions. Among chemical va- 
rieties, superpolyhexaraethylene adipamide is currently the most im- 
portant, for it is the material used in hosiery and other civilian applica- 
tions of yarn as well as in all yarn for military needs. Both of its 
intermediates, hexamethylene diamine and adipic acid, may be derived 
from benzene through phenol. Adipic acid is made by oxidation of 
cyclohexanol, while hexamethylene diamine is manufactured catalytically 
from this acid, presumably by passing it over alumina in the presence of 
ammonia under high pressure. 

During World War II, adipic acid was manufactured in Germany from 
acetylene and formaldehyde by catalytic reaction in the i)resence of cop- 
per or silver acetylide. Butine-2-dioI-l,4 thus formed was reduced to 
butanediol-1,4 which was then dehydrated to tetrahydrofurane. In the 
presence of nickel carbonyl as a catalyst this compound was then reacted 
with carbon monoxide to yield adipic acid. 6-Aminocaproic acid was also 
derived from acetylene and used in the production of polyamides. 

The first step in the manufacture of nylon is formation of the corre- 
sponding salt by reaction of equivalent amounts of dibasic acid and 
diamine in aqueous solution. The exact point of neutralization is deter- 
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Courtesy E, /. du Pont de Nemours & Co, 


Figure 100. First step in the manufacture of nylon yam 
b(5gins in this vessel, set in the floor of the du Pont plant 
at Seaford, Del. 



Courtesy^El* du Pimt de Nemours & Co. 

Figure 101. Autoclaves in the du Pont Company’s nylon plant at 
Seaford, Del. In these receptacles polymerization takes place. Note 
the complex control panel, where every process is watcheo, and where 
lights and bells signal the operator as to the progress of each j^tage 
of polymerization. 
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mined electrometrically. Water is then evaporated from the salt solution 
and fusion of the salt is carried out at elevated temperature in an auto- 
clave, with addition of a viscosity stabilizer. Amidation and simultaneous 
polymerization is carried out in an inert atmosphere. The viscosity stable 
polymer is then extruded in the molten state upon a huge casting wheel 
where it is immediately cooled by a water spray. At this point it is a 
translucent ribbon of tough, horny consistency somewhat resembling 



Courtesy E, I, du Pont de Nemours & Co, 


Figure 102. Molten nylon polymer, extruded on this huge casting 
wheel, is quickly sprayed with water which helps it to solidify into a 
strip resembling ivory. In later operations it is chopped, melted, and 
extruded again as filaments. 

ivory. Upon removal from the wheel it is chopped into small pieces and 
subsequently passed into blenders where mixing is effected to ensure uni- 
formity. The nylon chips are then ready for further processing. 

Fabrication 

The most important use of nylon is in the form of yarn. The chips are 
transferred to the hopper of a spinning unit where they drop onto a spe- 
cially designed hot grid. Here the polyamide melts and is picked up by a 
pump which delivers it to the spinneret — a perforated flat disc — at a care- 
fully regulated rate, after passage through a filter. The molten polymer 
is kept blanketed with an inert atmosphere, such as nitrogen, in order to 
prevent oxidation and consequent discoloration. 



Courtesy E, /, du Pont de Nemours & Co, 

Figure 103. Nylon flake pours from the hoppers. These 
flakes, or chips, are made by chopping the long, ivory- 
appearing strips that are extruded after polymerization 
has been completed. The flakes are melted and the molten 
material is again extruded in filament form. Nylon flake 
is also shipped for use in the manufacture of brush stock, 
electrical insulation, etc. 



Figure 104. Nylon, as de- 
livered to the du Pont Plastics 
Department in the form of 
flakes, is fed into the hopper 
of a spinning machine where 
it is melted and extnided into 
filaments. 


Courtesy E. /. du Pont de Ne* 
mours & Co. 
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Courtesy B. 1. du Pont de Nemours & Co, 

Figure 105. The birth of nylon filaments. From tiny 
holes in this spinneret are extruded these fine filaments 
of nylon. All of the filaments shown here will be wound 
together to form nylon yam. 



Courtesy E, /. du Pont de Nemours & Co, 


Figure 106. Batteries of machines like these wind nylon yam onto 
spools after the filaments have been extruded from the spinnerets. 
From here the nylon goes into the textile area and is given treatments 
similar to those of other fine yams. 
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Courtesy E. /. du Pont de Nemours & Co, 

Figure 107. Sizing nylon yam. The yam is wound from one spool to 
another, pacing over a gummy substance which gives it added pro- 
tection during textile manufacturing operations. It is subsequently 
removed from the finished products. 




Courtesy B, L du Pont de Nemours 6r Co, 

Figure 108. Nylon filament to be used as sutures or fishing leaders 
is shown in this photograph being wound upon spools preparatory 
to shipment. 
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Heating grids, pumps, and spinnerets were all designed specially for 
handling nylon because high temperature extrusion of a molten polymer 
was a new departure in the textile field. The pump represented a par- 
ticularly serious problem, for it has to deliver a precisely regulated amount 
of polyamide accurately to the spinneret. The only permissible lubricant 
is molten nylon itself. Special non-warping, abrasion-resistant steels are 
required which are capable of withstanding constant exposure to the 
spinning temperature of 285®. 

Molten nylon is forced through the holes of the spinneret by the pres- 
sure of the pump. Upon emerging into the cooler outside air, it rapidly 
hardens and is wound up on bobbins at nearly thirty miles an hour (2500 
feet per minute). The diameter of the extruded filaments is determined 
largely by the rate at which molten polymer is supplied to and drawn away 
from the holes of the spinneret. 

Cold-stretching takes place immediately after spinning. The individual 
filaments are gathered and coated with a film of light lubricant and wound 
up on bobbins from which they are at once transferred to other bobbins 
of the same size, running four times as fast. The yam is thereby stretched 
to four times its original length, “necking’^ down to half its former di- 
ameter. It is then twisted, wound on cones, spools, or bobbins, and baked 
in ovens to set the twist. 

Natural silk is coated with sericin which protects the fiber and facili- 
tates handling in textile operations. It is later removed. Approximately 
20 per cent of the weight of raw silk is lost by this deguraming process. 
Nylon, of course, contains no sericin and, in some applications, has to be 
coated with a specially developed size before it can be woven or knitted. 
The size is subsequently eliminated. Sizing may be carried out either be- 
fore or after the yam is shipped to the fabricator. Compositions compris- 
ing polyvinyl alcohol have been found especially advantageous in applica- 
tion from aqueous solution. Various proprietary compositions, such as 
^Tro-Nyl,” have lately been developed for sizing from organic solvents. 

Nylon can be delustered by incorporation of titanium dioxide in the 
melt before spinning. It can also be colored by addition of suitable dyes 
or pigments to the melt, although it is more customary to dye the finished 
goods by conventional methods. Currently, acetate dyes are preferred. 
Many other types of dyestuffs can be used, however, if desired, especially 
acid, wool, and mordant colors. 

By somewhat similar processes, nylon can also be extruded into rela- 
tively coarse monofilaments for use as a bristling filament and other 
applications. Monofilaments are available in diameters ranging from 
0.005 to 0.002 inch. By progressively varying take-off speeds during ex- 
trusion, tapered bristles are produced for use in paint brushes. 
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Nylon has also been extruded on a developmental basis in the form 
of rods and tubing several eighths of an inch in diameter. 

Injection-molded articles of nylon have appeared recently. They have 
been used in limited quantities in military applications. Because of the 
high melting point of the type of nylon utilized for this purpose, unusually 
high molding temperatures are required — ^in the order of 630® F. Inasmuch 
as this point is close to the decomposition temperature of the material, 
exceptional operating care must be observed. Because of its sharp melting 
point, nylon is much more fluid at molding temperatures than most other 
thermoplastics in common use. A shutoff mechanism therefore must be 
employed in the nozzle of the injection molding machine in order to pre- 
vent excessive oozing out of molten plastic. For the same reason, special 
precautions must be taken to preclude the formation of excessive flash 
in the mold. The latter should be designed with large cold-slug wells not 
only at the end of the sprue, but also at the ends of all major runners.. 

Nylon is used in solution form in wire and fabric coating and in various 
other surface finishes. While polyhexamethylene adipamide is appreciably 
soluble only in formic arid and in phenolic bodies, certain other types of 
nylon possess greater solubilities. Nylon type 6, for example, can be dis- 
solved in 80 per cent isopropyl alcohol. 

Nylon film is likewise under experimental development, while foamed 
nylon and numerous other fabricated forms are mentioned in the patent 
literature. 

Properties 

The crystalline character of nylon has already been discussed. Orienta- 
tion of the crystallites by cold-drawing greatly increases tensile strength. 
The tenacity of various nylon yarn types as currently made ranges from 
6 to 8 grams per denier. A tensile strength of 7.5 grams per denier, typical 
of the yam offered for tire cord and tow rope, corresponds to approxi- 
mately 109,000 Ibs/sq in. (Raw silk has a tensile strength of about 64,000 
Ibs/sq in; degummed silk, about 45,000 Ibs/sq in.) Knot tenacity, depend- 
ing upon the type of knot, may vary between 70 and 97 per cent of its 
normal strength. 

Stress-strain curves for nylon, silk, viscose, and acetate silk are shown 
in Figure 109. 

The cold-drawing of nylon also markedly decreases brittleness. Its im- 
pact strength has been reported as 1.6 X 10"® inch pounds per denier per 
inch length. 

One of the most remarkable results of cold-stretching is the develop- 
ment of elasticity after the fiber has reached the maximum length per- 
mitted by cold-drawing. This property is of especial importance in 
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hosiery and in tow ropes for gliders. It will be seen from Figure 109 that, 
at loadings below about 0.5 gram per denier, nylon is much more extensible 
than the other fibers mentioned. The extensibility and elastic recovery of 
nylon yam is compared with that of Italian silk and viscose in Figures 



Figure 109. Stress-strain curves for nylon eoiupared with 
. other textiles. {Loashy -“) 

110-112. The data plotted in these figures were obtained by use of a Scott 
Inclined Plane Tester, increasing the load at the rate of 4 grams/denier/ 
minute and reducing it at the same sptecd, a one-half minute interval be- 
ing allowed after the completion of each hysteresis loop before beginning 
the next one. 
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Polyamides are only slightly affected by moisture. Figure 113 gives a 
comparison of the wet and dry strength of various textiles. Nylon yam 
absorbs less water than most other textiles, as shown in Figure 114, and 
therefore dries rapidly after washing. 

An important characteristic of nylon is its ability to shrink slightly 



Figure 110. Stress-strain hysteresis loops for nylon. (One-half 
minute recovery with no load.) (Loasby^) 


and take a permanent set upon exposure to an elevated temperature, as by 
steaming. Advantage is taken of this fact in the pre-boarding of hosiery 
after knitting, but before dyeing, whereby it is given the desired per-r 
manent shape. Reheating to temperatures above that of the initial aet 
permits reshaping of the goods. The set given to hosiery is imparted 
temperatures considerably higher than those encountered in launderini; 
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Proper treatment of nylon in this manner also minimizes subsequent 
creasing and wrinkling. 



Figure 111. Stress-strain hysteresis loops for Italian silk. (One- 
half minute recovery with no load.) {Loasby 



EXTENSION IN 


, Figure 112. Stress-strain hysteresis loops for viscose rayon. (One- 
half minute recovery with no load.) (Loasby^) 

The resistance of polyamides to heat and solvents has already been 
noted. These characteristics are especially pronounced in hosiery-type 
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nylon. They can be varied to some extent by altering the chemical nature 
of the intermediates, as illustrated previously in Table 31* Polyamides are 
relatively nonflammable and are not attacked by mildew, mold or other 
fungi. 
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Figure 113. Wet and dry strength of nylon compared with other fibers. 



Courtety B. I. du Pont de Nemours £r Co. 
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Figure 114. Water absorption of nylon compared 
with other fibers (60 per cent relative humidity). 
(Adapted from Ho0 


Nylon, like other textile materials, deteriorate.^ somewhat upon ex- 
posure to ultraviolet light, but its performance in this respect is superior 
to that of silk. 

Table 32 lists various properties of nylon yams now being made, while 
the characteristics of bristle material are shown in Table 33. Properties 
of one type of molded nylon, FM-1, are given in Table 34. 
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Table 32. Physical Properties of Nylon* 

(Type now used for yarn) 

A. Mechanical Properties of Drawn Fibers: 

1. Tensile strength, dry : about 5 to 8 grams per denier. 

2. Tensile strength^ yret: about 80 to 90% of dry strength. 

3. Elongation, diy: al^out 20%, but can be varied widely, depending on degree to 

which yam has been drawn. 

4. Elongation, wet: about 25%, can be varied widely. 

5. Loop Btren^h, dry: 90% of tensile strength. 

6. Elastic recovery, against no load: 

% Stretch % Elastic Recovery 

2 100 

4 100 

8 100 

16 91 

(Fiber held under tension for 100 sec; 

60 sec allowed for recovery.) 

7. Modulus of elasticity (resistance to stretch) : 

To stretch boiled-off yarn 1 % requires a minimum of 0.3 g per denier. Calcu- 
lated modulus of elasticity; 300 kilograms per sq mm or 4.6 X 10® pounds 
per sq in. Stress-strain curve approximately linear up to 4% stretch. 

B. Density: 

The density of dry nylon fibers is about 1.14. 

C. Thermal Properties: 

1. Heat capacity (average) between 20® and 265® C: 0.565 cal/g/® C. 

2. Heat of fusion: 22 cal/g. 

3. Heat resistance: 

100® C, steam, 6 days: very slight effect on tenacity. 

65® C, air, 4 months: about 5% loss in tenacity. 

200® C, no oxygen, 3 hours: no change in tenacity. 

4. Ironing: no effect on tensile strength for iron temperatures up to 180® C. At 

135® C creases are removed. Above 180® C, sticking may occur; above 230® C 
damage starts. 

5. Setting: hot water or saturated steam will set fiber in shape it is held in, e.^., 

straight or creased, and such setting is only partially reversible. Effect roughly 
proportional to temperature and to logarithm of time (meaning that a moderate 
increase in temperature is more effective than a moderate increase in time). 

D. Hygroscopic Properties: 

1. Moisture content 4.5% at 75® F-72% relative humidity. 

2. Linear change: the wet length of nylon fibers is about 2.5 % greater than the bone- 

dry length. 

E. Optical Properties: 

1. Refractive index: 1.53 to 1.57; highly double refracting. 

2. Absorption (measurements were made on nylon film 0.002 cm thick, equivalent to 

the diameter of a 2*5 denier filament): 


qWave Length 

AngttrCm unite 

% Absorption 

2350 

80 

2550 

10 

3300 

6 

3400 

5 

3600 

0 
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F. Electrical Properties: 

1. Volume resistivity: 4 X 10^* ohm-cm at 18% R. H. 

5 X 10® ohm-cm when wet. 

2. Dielectric constant: 4 at 1000 cycles, at 18% R. H., 22^ C. 

3. Power factor: 6% at 1000 cycles, at 18% R. H., 22® C. 

4. Breakdown strength: 1300 volts/mil for 9 mil thickness, sheet not rolled. 

* 3000 volts/mil for 2 mil thickness, sheet rolled. 

G. Chemical Resistance: , 

1. Bleaching agents: Bleaching agents such as sodium peroxide, sodium hypochlorite, 

sodium chlorite, sodium perborate and hydrogen peroxide do not bleach nylon. 
If used in normal bleaching concentrations at temperatures much above 110® F 
these agents will seriously degrade the yarn. 

2. Acids: Hot mineral acids will hydrolyze nylon, particularly if they are concen- 

trated. 

3. Alkalies: Sodium hydroxide of 10% concentration at 85® C for 16 hours causes no 

apparent degradation of nylon. 

Potassium carbonate in 19% concentration at room temperature for 2 months 
causes a loss of 3% in strength. 

4. Various solvents: After 2}^ to 3 days' immersion in the following solvents no 

strength loss of the nylon was apparent: methanol, benzene, carbon tetrachlo- 
ride, acetone, solvent naphtha and benzene-ethanol 50 : 50. No data are avail- 
able on the effect of these solvents on the dyes on nylon. 

5. ‘‘Freon” fluorinated refrigerants: Liquid “Freon 12” (dichloro-difluoro-methane) 

at room temperature for 8 days does not decrease tenacity. 

6. Nylon polymer is substantially inert to virtually all organic acids except formic 

acid and the phenols (which are solvents); to halogenated hydrocarbons, 
alkalies, soaps, and to aldehydes, ketones, and alcohols in general. 

H. Solubility: 

1. Nylon is readily soluble at 25® C in the following solvents: Phenol, ?»-cresol, 

xylenol, formic acid. 

2. Solvents dissolving 1% at 25® C: Crotyl phenol, secondary amyl phenol, o-allyl 

phenol, glycerol monochlorhydrin, glycerol dichlorhydrin, ethylene bromhydrin, 
ethylene chlorhydrin, acetic acid, lactic acid, thioglycolic acid, 2,3-dibrom- 
propanol, phenyl ethyl alcohol. 

3. In addition to the above, a few other compounds are solvents for nylon at elevated 

temperatures. 

I. Flammability: 

Pure nylon is virtually nonflammable. When brought into contact with a flame, 
fabric made from nylon yarn in its pure state simply melts. Although the 
molten nylon is ultimately consumed if kept in the hot flame, the fabric itself 
does not blaze or propagate flames. Nylon fabrics can be made to burn if im- 
pregnated with certain dyes, oil finishes, or catalyzing chemicals. 

J. Heat Yellowing: 

After treating for 5 hours at 150® C in air the relative yellowing of a series of 
fabrics was as follows: 

Silk — brown 
Wool — yellow 
Nylon — light yellow 

Viscose and acetate rayon — still lighter yellow 
Cotton — barely noticeably darkened. 

* Manufacturers’ data, E. I. du Pont de Nemours & Co., Inc. (Cf.^) 
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Table 33. General Physical and Chemical Properties of Nylon for Industrial Brushes * 


Melting Point (in absence of oxygen) — ® C 

263 

(10-15 degrees lower in presence of oxygen) 

Density 

1.15 

Modulus of Elasticity — psi 

At 0 % relative humidity 

0.70 X 10® 

At 50% relative humidity 

0.45 X 10® 

At 100% relative humidity 

0.17 X 10® 

Tensile Strength — psi 

50,000 

20-30 

Elongation to Break — % 


Abrasion Resistance: Far superior to hog bristle, tough rather than brittle. 

Moisture Absorption: H that of hog bristle. 

Solubility: Soluble in crcsol, phenol, formic acid and concentrated mineral acids. 
Exposure: Bristle properties imaffected by exposure conditions ranging from — 14® 
to 65® and relative humidities ranging from 0 to 100%. 

Oxidation: Yellows slightly on long exposure at temperatures above 100® in presence 
of oxygen. 

Chemical Resistance: 


Chemical Agent 

Time of 
Exposure 

Effect on 

Bristle Properties 

Satd. sodium perborate soln. 

24hrs 

None 

Satd. sodium perborate soln. 

14 days 

Slight decrease in ten- 



sile strength and stiff- 
ness, abrasion resist- 
ance unaffected. 

Hydrogen peroxide 

24 hrs 

None 

Trisodium phosphate, 10% soln. 

3 wks 

None 

Soda ash, 10% soln. 

Trisodium phosphate and soda ash (1 : 1), 20% 

3 wks 

None 

soln. 

3 wks 

None 

Sodium cyanide, 10.4 % soln. 

7 days 

None 

Potassium carbonate, 19 % soln. 

2 mos 

None 

Acetic acid, 5% soln. 

2 mos 

None 

Sulfuric acid, 5% soln. 

7 days 

None 

Hydrochloric acid, 5 % soln. at 100® 

Slowly decomposes 

Sodium hydroxide, 1 % soln. 

2 mos 

None 

Sodium hydroxide, 10% soln. at 85® 

16 hrs 

None 

Lard at 82® 

5 days 

None 

Cottonseed oil at 82® 

5 days 

None 


Applications 

Nylon finds its principal use as yarn, in which form it has been uni- 
versally acclaimed not as a mere substitute for silk, but as a superior 
product in all of its many applications. Many consumer goods knitted 
or braided of this textile, woven, or stranded, have made their appearance. 
Full-fashioned and seamless hosiery, half-hose and anklets, corsets, 
girdles, underwear, nightgowns, negligees, hostess gowns, and gloves are 
typical of the many varieties of women^s wearing apparel made in whole 
or in part of nylon. Marquisettes, mousselines, and other sheer dress goods 
have appeared. Men's hose and ties have also been introduced. Wrinkle- 
free shirts may be a future development. Water-proofed nylon has been 
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58^ F; ^ 140** F; ^ Millimeters defleetkm at 0.125 in thickness; MQs after 48 hr at 1600 psi and 77^ F — 
-41T mod.; * 33® C dry; « 22® C, 18% RH, 10* cycles; ** Type R conditionng. 
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used in shower curtains, umbrellas, raincoats, light tenting, and numerous 
other items. 

Of major importance in military applications have been parachute cloth 
and shroud lines for the air services. Nylon parachutes have been success- 
fully tested with dummies by opening them immediately after release from 
planes flying at speeds of 400 miles per hour. The resistance of nylon to 
salt water and mildew are other characteristics which have favored its 
use in this application, for silk parachutes must be carefully washed and 
dried immediately after falling into the sea if they are to be used over 
again. Mildew resistance is also a major reason for military use of nylon 
yam in nettings and screenings, jungle hammocks, ponchos, shoe laces, 
and electrical insulation in the tropics. 

Other textile uses of nylon are in staple fiber, as differentiated from 
continuous single and multifilament yams. Staple fiber, resembling wool 
in appearance, has been spun into yams for darning thread, sweaters, 
swim suits, sport hose, and ladies’ coats. Mixtures of nylon staple fiber 
with other fibers offer interesting possibilities. 

Numerous tapes, webbings, and plied and braided nylon products have 
acquired industrial and militaiy' importance. They include fish lines, 
sewing thread, typewriter ribbons, surgical sutures, watch straps and 
bracelets, shoe laces for military use, webbings for parachute harness, 
bomb slings, gunners’ belts, and tow ropes for gliders. Nylon has been 
especially useful for the last application inasmuch as rope made there- 
from stretches up to 40 per cent of its length and thus, in combination with 
a special mechanical device, helps to absorb the initial pick-up shock 
without discomfort to the occupants of the glider. This military use was 
an outgrowth of the earlier development of nylon rope for airmail pick-up 
duty. 

Nylon cord has found wide acceptance for severe service in military 
tires. Its great strength and lightness have enabled the largest bombers 
and cargo planes to carry ever-increasing loads without enlarging the size 
and weight of the tires. The fastest fighters and largest planes landing 
at high speeds on small, front-line, improvised fields — ^many of which were 
laid on jagged coral formations — have tested to the maximum the bmise 
and shock resistance of nylon cord. Landing at high speed on small fields 
when brakes bad to be jammed on hard in order not to overrun the landing 
area caused the tread of tires to buckle and fold back on itself at the 
moment of contact. Nylon has given satisfactory performance under 
such trying conditions in actual military service. 

Nylon monofilaments of various sizes have been used in super-sheer 
hose, in corrosion resistant screening which has seen tropical military 
service, and in manifold bristle applications. The brush industry has, in 
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fact, been revolutionized by the introduction of nylon bristles. First ap- 
pearing in 1938, under the trade-mark “Exton,” in Dr. West’s “Miracle 
Tuft” toothbrushes, nylon bristles surged forward into use in more than 
four-fifths of all high quality toothbrushes {md in more than half of all 
domestic hairbrushes by the end of 1941. Clothesbrushes, nail-, com- 
plexion-, and household cleaning brushes represent consumer goods that 
have been bristled with nylon to advantage. Industrial brushes in great 
profusion have also made use of nylon bristles, including those employed 
in bottle-labelling, pipe-cleaning, fabric printing, bottle-washing, vat 
scrubbing, dry cleaning and textile fabrication, metal plating, sewage dis- 
posal, and vacuum cleaner construction. Cannon, swabs have been 
equipped with nylon bristles. Tapered bristles for paint brushes have al- 
ready been mentioned. 

Other uses of nylon monofilaments include tennis and badminton 
racquet strings, surgical sutures, fishing leaders and snells, nylonrwound 
instrument strings, and miscellaneous special shapes such as rattan for 
outdoor furniture and public conveyance seats. 

Nylon, either melt-extruded or in solution form, is being used to in- 
sulate electric wire for many purposes where high abrasion resistance, 
coupled with a minimum addition to the bare wire diameter, is necessary. 

Molded nylon bearings have given excellent service, especially in textile 
machinery. They are said to be satisfactory where lubricated with water 
or under light loads without any lubrication. Coil forms of nylon have 
been used by the Navy in sound-powered telephone units. Various other 
military moldings have been made of nylon. Molded nylon zippers appear 
to be a possibility. 

Other developmental applications of nylon include such diverse items as 
neoprene-impregnated carburetor diaphragm fabric, machinery packing, 
and transparent film. 

The price of nylon naturally varies, depending upon the form in which 
it is produced. It is expected, however, that it will be competitive, price- 
wise, in the various fields where it ivill be used. For example, it is an- 
ticipated that tapered nylon bristles for paint brushes will, at most, cost 
not more than high-quality pig bristles of the same length, and probably 
will be considerably lower in price. It is anticipated also that price re- 
ductions for all forms of nylon will go hand in hand with improved meth- 
ods of manufacture and increased production. 
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Chapter 13 


Coumarone-Indene Resins. Miscellaneons 
Hydrocarbon Resins 

Coal distillates are a fruitful source of cyclic unsaturates containing the 
double bond in non-benzenoid rings. Two coal tar compounds of this type, 
coumarone and indene, have been converted to useful commercial resins 
for some thirty years. Despite these facts, however, surprisingly little 
systematic scientific and technical study has been devoted to the poly- 
merization of cyclic olefins and diolefins. Insufiicient evidence has, there- 
fore, been obtained to permit the formulation of general rules concern- 
ing their polymerization. Under special conditions a few of them, notably 
cyclopentadiene, have been polymerized to high degrees. Polymers ob- 
tained under customary conditions, however, including all commercial 
representatives of this class, are hemicolloidal in character. 

There are at present three general categories of cyclic unsaturates which 
are converted to industrial resins. The oldest and most important of this 
group are the two analogs just mentioned, coumarone and indene. A 
second class of such monomeric materials is to be found in non-coal-tar 
products — ^the terpenes. Finally, cyclopentadiene has recently become 
the source of certain commercial and semi-commercial polymers. 

Cracked petroleum distillates also contain a goodly portion of un- 
saturated hydrocarbons. The chemical nature of these materials is less 
clearly understood than in the case of their coal tar analogs, but they 
probably comprise both open and closed chain mono- and diolefins. 
Certain polymeric compounds are obtained from this source. 

A number of miscellaneous resins have also been derived from aromatic 
hydrocarbons in recent years by various condensation reactions. 

Coumarone-Indene Resins 

The earliest detailed experiments with resins from coumarone and 
indene appear to have been carried out by the German chemists, Kraemer 
and Spilker, in 1890. During World War I shortages of natural resins in 
the Central Powers led to development of these resins there on a mod- 
erately large scale. Industrial evolution of these plastics in the United 
States began soon afterwards, but was at first hampered by difficulties in 



COVMARONE-INDENE RESINS 287 

control of quality. In the field of one of their principal outlets, varnishes, 
they were one of the first purely synthetic resins to make their debut 
in a serious way. Their general acceptance was therefore slow, for the 
industry was not yet acclimated to the introduction of synthetic resins as 
bases for modem finishes. 

Several of the earliest American patents relating to coumarone-indene 
resins were granted to Marc Darrin and his collaborators. Production was 
first undertaken by the Barrett Company in 1919. Then, at about ten 
year intervals, two other concerns entered the field; The Neville Com- 
pany and the Pennsylvania Industrial Chemical Corporation. 

/N CH 

Coumarone, j^l and indene, 

both occur in the solvent naphtha cuts of coal tar distillates. They are 
colorless liquids which boil at 172 and 182®, respectively. The average 
content of these chemicals in dry coal tar is about 0.6 per cent, with indene 
preponderating. Because of the proximity of their boiling points, they 
are diflBcult to separate. Indeed, no effort is'usually made to remove either 
of them from the naphtha in which they occur. On the contrary, resinifica- 
tion is used as a means of separating them from other more saturated 
components of this cut which are subsequently distilled and sold as 
solvents. 

In commercial operations, sulfuric acid is employed as the resinifying 
agent, although numerous other catalysts are also effective and have 
been used in the laboratory or for the preparation of special high-melting 
resins. 

In order to control quality and obtain useful products which are not 
black, sticky gums, it is necessary to observe careful fractionation of the 
solvent naphtha used. Sometimes, for the highest quality grades, a pre- 
liminary wash of the distilled naphtha with a small amount of sulfuric 
acid is desirable to remove highly unsaturated hydrocarbons which yield 
dark colored products upon resinification. A fraction of one per cent of 
concentrated sulfuric acid may be used in this treatment, or as much as 
4 to 6 per cent of 66 per cent acid. After separation of the sludge, still 
further purification is sometimes carried out for the best products. 
The final resinification operation is then conducted by treating the prod- 
uct with sufficient sulfuric acid to cause polymerization of its coumarone- 
indene content. 

Factors determining the character of the finished resin are primarily: 

(1) Degree of purification of naphtha from tar-forming components. 
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Obviously, for the best-colored grades of resin, tar-forming impurities 
must be reduced to a minimum. Particularly obnoxious in this respect are 



Figure 115. Vacuum steam still 
used in manufacturing coumarone> 
indene resins. 


Courtesy The Neville Co. 



Courtesy The Neville Co, 

Figure 116. Flaking coumarone-indene resin. 

styrene, cyclopentadiene, and dicyclopentadiene. To eliminate tar-form- 
ing impurities as much as possible, modern practice tends towards the use 
of 160-190° cuts for naphthas employed in making the best grades of 
coumarone-indene resins. 
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(2) Concentration of coumarone-indene in the solution. The amount 
of these unsaturates in the purified naphtha usually runs between 30 and 
86 per cent. When the concentration exceeds the former figure, control 
of temperature during resinification is difiScult and recourse is had to dilu- 
tion with an inert solvent such as petroleum naphtha. 

Although probably not a particularly important factor in commercial 
operations, it appears that the molecular weight of the polymer decreases 
somewhat with dilution of the monomer by inert solvent. The relation 
between concentration of monomeric indene in benzene solution and its 
degree of polymerization at 5®, upon treatment with a given amount (ap- 
proximately 5 per cent) of stannic chloride as catalyst, has been found 
by Staudinger and his co-workers to be as shown in Table 35,. 


Table 35. Relation between Concentration of Indene in Benzene Solution 
and Its Degree of Polymerization in the Presence of Stannic Chloride at 5®^" 


Concentration of Yield of 

Indene in Bensene Polyindene 

Solution (per cent) (per cent) 


Properties of Polyindene 
Molecular Softeninfi: 

Weight. Point (® C) 


50 

10 

1 


100 

80 

50 


3670-3850 

220 

3240-3470 

205 

2350-2300 

195 


(3) Temperature of polymerization and temperature control during 
reaction. By using equal amounts of stannic chloride catalyst in 8 per 
cent toluene solutions of indene, Staudinger and his collaborators also 
found that the degree of polymerization of the resin formed decreased as 
the temperature increased from — 80® to -f 50®. At higher temperatures 
their results were inconclusive. 


Table 36. Relation Between Temperature and Molecular Weight of 
Polyindene Formed in the Presence of Stannic Chloride 


TemperBture of 
Pol^erisation 
CC) 

- 80 
- 20 
+ 50 


Mcdecular Weight 
of Poljrmer 

3500 

3300 

1200 


In commercial practice, the temperature of resinification is usually held 
at 20® or lower. For the highest melting and lightest colored products, 
sub-zero temperatures are used. 

(4) Concentration and amount of sulfuric acid used. Acid of 93 per 
cent concentration or stronger is usually employed. The amount varies 
with other reaction conditions, usually running between 500 and 1000 
pounds per thousand gallons of naphtha. 

(6) Rate of addition of sulfuric acid and time of reaction. These fac- 
tors must be adjusted in such a maimer as to maintain a low temperature 
throughout reaction. 



CHEMISTRY OF COMMERCIAL PLASTICS 


290 

(6) .Degree of admixture of catalyst and naphtha. Thorough agitation 
by means of efficient and vigorous stirrers is essential. 

(7) Conditions of removal of solvent from resin. After resiniiEication, 
separation of sludge acid from the supernatant resin solution is effected 
as quickly as possible by settling and withdrawal of the bottom layer. 
The resin solution is then washed with caustic and water and the un- 
reacted naphtha^ together with added solvent, is distilled ofE in a steam- 
jacketed vacuum still, leaving behind the coumarone-indene resins as a 
residue. Distillation is continued until softening point determinations run 
upon^ sampled portions of the residue attain the temperature desired. To 
prevent discoloration of the resin and to yield the highest-melting prod- 
ucts, the temperature of distillation should be kept as low as possible. 
Temperatures below 275® are essential, inasmuch as decomposition of 
these resins begins to occur at that point. Best results are said to be ob- 
tained below 90® by application of vacuum where necessary. 

The distillate is separated into naphthalene, various solvent naphtha 
cuts, and high-boiling oils sold as special solvents and plasticizers. 

The molecular weight of the highest melting commercial coumarone- 
indene resins is in the order of 800 with a degree of polymerization of 
about 6 to 7. Lower melting resins possess a lesser degree of polymeriza- 
tion. 

The structure commonly assigned to these products, exemplified by 
that of polyindene, is as follows: 



Because of the presence of a double bond in the end group of their rela- 
tively low molecular weight structure, these resins possess an appreciable 
amount of unsaturation. Their iodine numbers run from 16 to 60, where 
account is taken of substitution during determination. 

As a result of the cyclopentadiene structure present in the end group 
of these resins, they are capable of undergoing fulvenation, t.e., reaction 
with an aldehyde at the reactive methylene group, to give a cross-con- 
jugated structure as follows: 



Cross-conjugate systems are chromophorio groups. Upon long exposure 
of films of coumarone-indene resins to the atmosphere, discoloration de- 
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velops. It has been hypothesised that this phenomenon can be attributed 
to fulvenation as a result of preliminary aldehyde formation by oxidation 
of the double bond of some of the molecules present. Because of this 
tendency towards discoloration, coumarone-indene resins are not em- 
ployed in surface coatings where extremely good color retention is essen- 
tial. Hydrogenation eliminates the double bond and improves color and 
color stability. 

Coumarone-indene resins, sometimes called paracoumarone-indene, are 
produced in a wide variety of melting point ranges varying from viscous 
liquids at room temperature to friable solids, often flakes, melting at 
150 to 160®. The solid varieties are all brittle, somewhat resembling rosin 
in physical appearance. Colors range from light yellow to almost black. 
They melt to fluid liquids which darken upon continued heating above 
their melting points, but decompose only at much higher temperatures. 
Rapid decomposition of the highest melting grades is reported to occur 
only at temperatures above about 350®. 

Specific gravities lie between 1.08 and 1.15; refractive indices, between 
1.617 and 1.650. Dielectric strength at 100® of 150-160® melting grades 
is about 490 volts per mil in 0.05 inch thickness. Power factor at 60 
cycles is 0.5 per cent to 1.0 per cent; at 1500 kilocycles, 0.04 per cent. 
Specific inductive capacity is 2.42 to 3.45. The dielectric constant is about 
2.5. Unfavorable humidity conditions as well as immersion in water and 
brine do not greatly affect these electrical properties. 

Coumarone-indene resins are practically neutral, having an acid num- 
ber of about 0.5. Being substantially hydrocarbon in nature, they are 
non-reactive with most chemicals, including alkalies and dilute acids. 
They are insoluble in the lower mono- and polyhydric alcohols, but solu- 
ble in most other organic solvents, including complex and aromatic alco- 
hols, esters, ethers, ketones, aromatic hydrocarbons and hydrogenated 
naphthas, chlorinated solvents, most fatty oils except castor oil, and such 
miscellaneous liquids as carbon disulfide, dioxane, aniline, and nitro- 
benzene. Raw drying oils are better solvents than blowh oils. Their 
solubility in aliphatic hydrocarbons is limited. They are compatible with 
most plasticizers and blend with many waxes, rubber, chlorinated rubber, 
synthetic rubbers, most natural resins, modified phenolics, alkyds, metha- 
crylates, and polystyrene. They possess limited compatibility with the 
vinyl resins, polyisobutylene, and ethyl cellulose and are incompatible 
with cellulose esters. 

Coumarone-indene resins are important components of numerous sur- 
face coatings formulated by the paint and varnish industry. They are 
used in the preparation of printing inks and numerous adhesives. They 
are employed by the paper industry in boxboard stiffening and paper wax- 
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ing treatments. They are important binders in the manufacture of alkali- 
resistant, light-colored mastic floor tile and have become generally ac- 
cepted by the rubber industry as softeners and tack producers to improve 
processing properties of both natural and synthetic rubber stocks. They 
have also found considerable use as a substitute for chicle in chewing 
gum, sometimes comprising as much as 10 per cent of the total weight 
of the latter. Numerous miscellaneous applications have been developed, 
including use as components of putties and caulking compounds, bat- 
tery boxes, phonograph records, sealing wax, and oil cloth. 

Approximately 85 per cent of the total domestic coumarone-indene 
resin production is normally consumed in the manufacture of floor cover- 
ing and rubber goods. Approximately ten per cent is utilized in surface 
coatings. 

Coumarone-indene resins are produced in numerous grades under the 
trade names “Cumar,” “Nevindene,” “Neville Resin,” “Paradene,” 
“Nuba’.’ (a resinous pitch), and “Piccoumaron.” Some 30,000,000 pounds 
of these resins were made in the United States during 1941 at prices 
ranging from 3 to 14 cents per pound, depending on the grade. The 
coumarone-indene resins are one of the cheapest types of all synthetic 
resins currently available. 

Hydrogenated Coumarone-indene Resins 

It has already been shown that the presence of unsaturatcd end groups 
in the relatively low molecular weight, hemicolloidal polymers of couma- 
rone and indene is a source of gradual discoloration. Moreover, these 
resins, even when fresh, are never completely water white. This discolora- 
tion has been traced to combined oxidation of the double bond in the side 
chain and fulvenation of the methylene group of the ultimate cyclo- 
pentadiene group. An obvious way to eliminate this trouble is to saturate 
the double bond of the side chain, at once destroying its reactivity toward 
oxygen and eliminating the presence of a cyclopentadiene grouping. Re- 
cent commercial developments have been directed toward this objective 
and hydrogenated products made with the use of a Raney nickel catalyst 
have been sold under the trade name “Nevillite.” As would be expected, 
these compounds sell at a premium. In 1942, prices ranged from 52 cents 
to $1.30 per pound, depending upon the degree of hydrogenation and 
consequent lack of color. The highest priced grades are water white and 
retain their clarity upon prolonged atmospheric exposure of thin films. 
The iodine number of these resins is below 16. 

Concentrated sulfuric and hydrochloric acids are without effect upon 
these resins. Concentrated nitric acid produces a surface yellowing. Their 
solubilities resemble those of the coumarone-indene resins, from which 
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they are derived, except that they are more readily dissolved by parafiSnic 
hydrocarbons. They are incompatible with vinyl resins and with cellulose 
nitrate and acetate. On the other hand, they blend well with mineral 
oils, parafiSn and polyisobutylene. They are compatible with certain modi- 
fied alkydSj polymethyl methacrylate, polystyrene, chlorinated and 
isomerized rubber, and some of the factices. They are compatible with 
ethyl cellulose to a limited extent. 

Hydrogenated coumarone-indene resins are particularly recommended 
for light-stable, corrosion-resistant surface coatings in which' mineral 
spirits can be used as the sole thinner. They have been proposed as 
resinous bases for linings of tin cans serving as food containers. 

They have found a specialized, but important outlet in combination with 
raw rubber in the manufacture of gum masses for application to trans- 
parent, pressure-sensitive cellulose tapes. 

A particularly high grade product sold under the trade name “Clarite” 
has found utility in mounting botanical and biological specimens for 
microscopic examination. 

Modified Coumarone-indene Resins 

In recent years, a few modified coumarone-indene resins have appeared 
on the market. Chief among these products is “Nevillac.” This resin is 
a coumarone-indene polymer in which cresols and xylenols are admixed 
with the naphtha during polymerization so that the resulting product con- 
tains phenolic groups in its structure. It has been assumed that the end 
group unsaturation of the coumarone-indene polymer is saturated by 
addition of a phenolic compound across the double bond, to form a mixture 
of polycoumarone-indene substituted cresols and cresyl ethers. Poly- 
merization is carried out between 90 and 110“ with the use of an activated 
clay catalyst. Viscous, oily condensation products are obtained simul- 
taneously and are removed by combined steam and vacuum distillation. 

These phenol modified coumarone-indene resins are available in dif- 
ferent grades having melting points ranging from 5 to 95" and in colors 
varying from light yellow to amber. The average molecular weight of 
the higher melting products runs from 400 to 440. They are soluble in 
those liquids which dissolve coumarone-indene resins and are, more- 
over, completely soluble in alcohol. Their compatibility with oils and 
other resins is, in general, greater than that of the coumarone-indene 
resins. In contrast to the latter, they blend with ricinoleic acid and many 
ricinoleic esters, with bodied castor oil, and with Congo and Kauri gum. 
They are more compatible with modified alkyds and phenolics and with 
vinyl resins and cellulose esters than are the coumarone-indene resins. 
They are incompatible with polyisobutylene and isomerized rubber. 
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Recommended applications are in nitrocellulose lacquers and other 
surface coatings* They retard the gelling of tung oil and eliminate gas-^ 
checking of tung oil varnishes upon forced drying* 

'Thenester’* differs from ^'Nevillac” in that it is a straight coumarone- 
indene resin having an appreciable content of uncondensed phenols. 

In contrast to other coumarone-indene resins, '^Neville Resin 466” is 
slightly alkaline in reaction. It is said to be composed of coumarone^ 
indene pblymers combined with metallic soaps of a monobasic alicyclio 
acid. It is dark brown in color and possesses a melting point range of 
110 to 125^. Recommended uses are similar to those of coumarone-^indene 
resins. 

Modified coumarone-indene resins have been prepared by acylation 
with chlorides of the higher fatty and oily acids. These products do not 
yet appear to have attained commercial recognition. 

Modification of coumarone-indene resins by copolymerization with 
styrene was once attempted on a commercial scale. The products, known 
as ^^Cyrene” resins, seem to have been short-lived. 

In addition to the materials described above, certain other modified 
coumarone-indene resins are being produced on a more or less develop- 
mental basis. Water dispersible resins of this type are available under the 
name ^^Nevilloid,” while products designed especially for low temperature 
flexibility are sold under the name ‘‘Nevtex.” 

Cyclopentadiene Resins 

Cyclopentadiene, 


HC— CH 



is a volatile liquid boiling at about 41®. Upon standing, it readily dimer- 
izes to a solid melting at 32-33® to which the following structure has been 
assigned in the sense of the Diels-Alder reaction: 

H 

C 

\I/H H» 

H 
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Numerous observations have been made upon the polymerization of 
isyclopentadiene and dicyclopentadiene. A commercial product, marketed 
vnder the trade name “Neville G Resin," is apparently produced by 
eopolymerization of dicyclopentadiene, indene, and coumarone occurring 
together in a grade of naphtha in which these unsaturates are present 
in the approximate ratio of 60-66 : 16-20 ; 5-10. Thermal polymeriza- 
iKM is carried out at temperatures above 200°, the molecular weight of 
l^MHiroduot being in the order of 600 to 600. 

„<oi^eville G Resin" is a brittle, dark red solid with a greenish cast melt- 
110 to 125°. Its suggested uses are similar to those of the couma- 
rone-indene resins. 

Hemicolloidal resins have also been produced from cyclopentadiene by 
the United Gas Improvement Company. An attempt has been made to 
adapt them to surface coatings and, particularly, to can linings. Com- 
mercialization of these products, however, has lagged. 

Occupying a unique position among cyclic unsaturates, cyclopentadiene 
has been polymerized on numerous occasions to rubber-like materials. 
Optimum conditions for the formation of cyclopentadiene rubber appear 
to be low temperature and use of boron trifluoride as a catalyst. Unfor- 
tunately, upon standing in the atmosphere, the rubber-like polymer first 
forihed rapidly discolors and becomes hard and brittle. Because of this 
behavior, which has not been overcome, polymers of this type have found 
no useful applications as yet. 

Cyclopentadiene is an extremely interesting and reactive compound. 
It possesses polymerizable double bonds; it possesses conjugated diole- 
finao msaturation ; it possesses an active methylene group capable of un- 
dMjping reaction with aldehydes and numerous other compounds. It 
tbivef ore' seems inevitable that this compound, which occurs in the prod- 
Vllls of coal carbonization will, in the future, find important outlets in the 
md of synthetic resins and plastics. Its use in the production of alkyd 
resins through “Carbic" anhydride has already been discussed in Chap- 
tor 11. 

Turpene Resins 

Terpenes have recently become a source of hemicolloidal thermoplastic 
resins which resemble the coumarone-indenes in ph 3 rsical appearance, 
properties, and recommended uses. Points of distinction are to be found 
in their color stability and in some of their solubility and compatibility 
characteristics. 

These resins are available in melting points ranging from 10 to 150°. 
Molecular weights of 650 and 1600 have been reported. Their density is 
about 1. They are unsaturated, having a bromine number in the order of 
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100. They are light yellow in color, but are free from after-yellowing 
and do not discolor seriously upon long-continued heating. Because of 
their hydrocarbon chw^acter, they possess a maximum acid number of 1 
and are resistant to dilute acids and alkalies. They are insoluble in 
methyl and ethyl alcohols, acetone, and ethyl acetate. They are soluble 
in most other organic solvents, including petroleum naphthas and minerid 
oils. They are compatible with numerous waxes and oils, with coumanstte^ 
indene and alkyd resins, with rosin, factice, rubber, isomerized rubber, 
gutta percha, and polyisobutylene. They are not compatible with cellulose 
esters and ethers, vinyl resins, the methacrylates, polystyrene, “Vinsol,” 
and most phenolics. 

They are available under the trade names “Piccolyte” and “Nypene.” 
Prices are in the order of 16 cents per pound. 

Hydrogenated water-white terpene resins have been produced experi- 
mentally, but are not yet commercial. 

Petroleum Resins 

The cracking of petroleum, especially vapor-phase cracking, yields 
gasoline of high anti-knock value which possesses an appreciable amount 
of readily polymerizable unsaturates that must be removed in order to 
stabilize it. 

Although the nature of these hydrocarbons is very complex and not 
clearly defined, some experimental work has been carried out, for orienta- 
tion purposes, upon pure aliphatic unsaturates. It has been found that 
pure isoprene does not polymerize appreciably in the presence of almni- 
num chloride. Addition of pentene-2, however, causes immediate pwly- 
merization with formation of two different typ>e8 of polymers, the one 
insoluble, the other soluble. The former appears to be a polymer of iso- 
prene alone, the latter a copolymer of the olefin and diolefin. , The yield 
of soluble polymer increases while the yield of insoluble polymer decreases 
with increasing amounts of pentene-2. The insoluble polymer can be con- 
verted to a soluble form by heating at 300° out of contact with the air. 
Isoprene also yields resinous products upon condensation with alkylated 
benzenes, although benzene itself does not give rise to resins under the 
same conditions. Cyclic olefins and diolefins behave in a manner similar 
to their acyclic analogs. 

These observations have been applied in the controlled polymerization 
with aluminum chloride of carefully selected, highly unsaturated cracked 
petroleum distillates. A typical grade of this material is translucent in 
thick layers and reddish-amber in color. It melts at 93-94° and has an 
acid number of 0.1. Its iodine number runs from 126 to 136. 

These resins are soluble in hydrocarbon solvents, both aliphatic and 
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HBBlp atic, in turpentine, and drying oils. They increase the speed of dry- 
l|||«€.tung oil. They are insoluble in methyl and ethyl alcohol, acetone, 
iMivthyl acetate, but are soluble in higher acetates. 

M^PUsdegree of unsaturation of these resins can be altered by varying 
•tiM^fMlitortion of catalyst used, as shown by Figure 117. The more highly 



' Figure 117. Effect of aluminum chloride catalyst on iodine 
'j: .lvalue and yield of resin from highly cracked petroleum distil- 
'*^^^'^,;late. " (Resin yield and catalyst expressed in grams per 100 cc. 

^'of distillate.) {Thomas and Carmody^^) 

WQB«tarated resins dry upon baking so that films deposited from petroleum 
gC^hrents become insoluble in the original solvent after heating for an hour 
at 106“. 

Formerly known as “Santo” resins, these products were once offered to 
the l3%de at 15 cents per pound in carload lots. Their production, however, 
has now ceased. 

The “polymer slop” obtained as a by-product in the refining of vapor 
phase gasoline is a source of cheap, low-grade resins. The principal char- 
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a€ter of the reactive bydrocarbona responsible for their formaticm appiCI 
to be cyclic^ non-eonjugated, and diolefinic. These unsaturatei ali 
moved from the gasoline by polymerization to viscous materials 
still possess sufficient nnsaturation to absorb oxygen and dry read^f^«i|M 
exposure in film form to the atmosphere. Although normally 
plastic, films of these resinous materials baked in the absence of 
are capable of undergoing further polymerization, presumaUy l aisi ftto f 
in cross-linked, tridimensional, thermoset structures. Both oxidalSatt aad 
polymerization are accelerated by conventional driers. 

Vacuum distillation of polymer slops yields substances rangitiig from 
light-colored volatile liquids to dark, viscous, non-distillaUe 
They are compatible with drying oils and most resins and lifl^ tefemd 
utility in the formulation of surface coatings. They are of 
merit as aluminum vehicles because they possess excellent legfeag 
erties. They are also valuable anti-skinning agents. They havelmn 
in core oils, as binders for, rock-wool insulation, and in spraying eoal to 
minimize dusting and increase B.t.u. content. 

Physical and chemical properties of three different grades of tlieae 
resins, marketed under the trade name “PetropoF^ are listed in TaMe 87. 


Table 37. Physical Properties of Some Commercial “ 

Petropols”* 

Specific gravity 60" F/60*^ F 

0.9497 

0.9923 

l.«U» 

Gravity, ® A.P.I. 

17.6 

11.14 

MUB 

Flash, C.O.C. 

175® F 

230® P 


Fire, C.O.C. 

216® F 

280® F 


Viscosity, Saybolt Univ. 




At 100® F 

200-226 



At 210® F 


225-300 


Iodine number 

195 min 

200 min 

MO min 

Melting point 




Pour point 

0®F 

+ 45®F 


Per cent solids 

60-65 

90-92 

K» 

Saponification number 

Trace 

Trace 


Unsaturates, % 

99 + 

99 + 

M + 

Asphaltic compounds, % 

0.11 

0.16 

M 

Paraffin 

None 

Trace 

Tpmt 

Molecular weight 

300 

425 

m 

% Ash 

0.005 

0.012 


Soluble in — 




Mineral spirits, benzene, toluene, xylene, ethyl alcohol 


Resistant to — 





Water, acids, alkalies 

The lowest grade *Tetropols” are among the cheapest commercial resins, 
selli^ from 2 to 5 cents per pound in tank car lots. 

Of somewhat similar origin and nature is ^^Naftolen,’’ available in 
yaribus grades as a reddish-brown liquid of the consistency of cold 
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average molecular weight is about 400, its iodine number 
its acid number 0. It is widely eompatible with oils, resins, 
ind efitrtiMners, and is especially recommended as a vulcanisable plas- 
#i^lii^||ll!!^tural and synthetic rubbers, with the exception of “Thiokol.” 
' ^lllWMilothe^ resins are potentially available from petroleum by ex- 
occurring asphaltenes, as a result of various process- 
and by chemical syntheses such as condensation with 
chlorination followed by dehydrohalogenation. Little 
suceess, bowifiner, has as yet been achieved in the utilization of such resins. 

^JI^^WMIlAlene Resins 

series of resins prepared by polymerization of dihydro- 
nitdtthf lfil||li» ftlip been described. Some of these products have in times 
paj|t.^r9iiK|dBMd<|Pi^incrcial interest to a limited extent. They are, hoW'' 
available. 

By redne&mof naphthalene with sodium and ethyl alcohol at tempera^ 
of 80% 1,4-dihydronaphthalene, 


Hi 



is same compound is produced by reaction of water with 

dissolved in a suitable solvent, such as dimethyl gly- 
col j^,^pperatures below — 30°. Sodium naphthalene CioH^Nao, 

in turi^ Si^^lj^ned by reacting metallic sodium with naphthalene dis- 
solved ia ether or glycol diethers. • 

If tlw reduction of naphthalene with sodium and ethyl alcohol is car- 
ried out at temperatures of 150°, 1,2-dihydronaphthalene, 

It j ( I f ' ‘'fT 

ifc BBMll M|ldL It can also be obtained by quantitative rearrangement of 
by heating the latter with a 10 per cent alcoholic solution 
(^8<xi|ip|)lKthylate for 3 to 4 hours at 

,,j||(iik^j||^*dihydronaphtha]ene and 1,4-dihydronaphthalene can be poly- 
in dimethyl glycol ether solution by the catalytic action of sodium 
m^pdirtiialene. Mixtures of the two isomers can also be copolymerized. 

By polymerization of the l,2-i8omer at temperatures below — 80®, a 
^IfNrlees, amorphous powder, is obtained which gives’ no appearance of 
j^taiuiig at 2^ and which chars only slightly below red heat. It is 
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insoluble in most organic solvents and appears to possess a vtxf 
molecular weight. Polymerization at higher temperatures yiii^ filttllliKr 
products having greater solubility. 

1,4-Dihydronaphthalene polymerizes slowly by the catalytic 
of appreciable amounts of sodium naphthalene. The reaction tdftnres 
several hours for completion at room temperature and some S0 hours at 
0®. The product is a brittle, water-white, glass-like, therim^astio rei^. 
It melts to a limpid fluid upon heating, its melting point rising as the 
temperature of polymerization is lowered. 

The polymer of 1,4-dihydronaphthalene obtained by polymerization at 
room temperature softens below 100° and becomes completdy fiuiii at 
110-120°. It has an average molecular weight of 400 to 4S0. Cracking 
does not occur below 370°. The resin is water- white ami shows rather 
good color retention, although upon long standing it docs yellow. Color 
stability is improved by hydrogenation, an operation which simultaneously 
causes a 30 to 40° increase of melting point. 

This resin has a specific gravity of 1.14, a refractive index at 24* of 
1.60, a dielectric constant at 26° and 1000 cycles of 3.0, and an approxi- 
mate power factor at 25° and 1000 cycles of 0.002. It is neutral and 
resistant to acids and alkalies. Its solubilities are as follows: insoluble in 
water, methanol, ethanol, and glycerol; slightly soluble in acetone, ethyl 
acetate, and ethyl “Cellosolve” ; moderately soluble in gasoline, isoptopyl 
ether, and cyclohexanone ; very soluble in turpentine, aromatic hydro- 
carbons, chlorinated solvents, and carbon disulfide. It is compatible with 
drying oils, asphalt, rosin, polystyrene, and polyvinyl cidoride. It pos- 
sesses limited compatibility with parafiin, beeswax, and stearic acid. 

« 

Condensation Products of Aromatic Hydrocarbons 
and Formaldehyde 

The Nastukoff reaction, whereby amorphous solids are obtained by re- 
action of formaldehyde with unsaturated hydrocarbons in the presence of 
sulfuric acid, has been extended to the production of resinous c<Hidensation 
products from aromatic hydrocarbons in general, as witnessed by United 
States Patents, Nos. 2,200,762-3. In particular, naphthalene can be con- 
densed with formaldehyde in the presence of sulfuric acid to yidd Irinfete 
resins resembling polycoumarone-indene in physical appearance; Al- 
though these resins have been investigated in both England and tto t^Bited 
States, they have not yet attained commercial recognition. 

“AXF” 

Felling in the category of miscellaneous'hydrocarbon resins is a product 
known as “AXF,” introduced in 1935 as a compounding ingredient for use 
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with nfihtwiill and synthetic rubbers to increase oil and gasoline resistance. 
This substance is described as an elastic plastic produced by the reaction 
of an ethylene dihalide with an aromatic hydrocarbon of the general 
formula R— C(jH 4 — R', where R and R' are hydrogen atoms or saturated 
alkyl groups containing two or more carbon atoms. Toluene and xylene 
are said to be unsuitable for this reaction. Condensation is carried out by 
means of aluiMnum chloride. 

does, not react with sulfur. It swells only slightly in ethanol, 
acetone, gasoline, kerosene, and light lubricating oils. After immersion in 
spindle oil for five days at 70®, it shows a volume increase of less than 
4 per cent. 

General ph 3 ^al and chemical properties of ‘^AXF^^ are listed below in 
Table 38. 


^ Table 38. Properties of ‘‘AXF” 


Specific gravitir 
Ash, per cent * 

Color 

Odor 

Hardening t#np., ^ C 
Tensile strength, Ib/sq in 
Elongation, per cent 

Action of acids and alkalies after immersion 
for one week at room temp. : 

Cone. HCl 
Cone. HtS04 
50%H,S04 
Cone. HNOi 
Glacial HO Ac 
50% NaOH 
NH40H(30%NH,) 


1.04 

1.2 

Dark brown 
Practically none 
0 

Up to 450 
Up to 600 


No action 

Swells and hardens slightly 
No action 
Attacked slowly 
Swells moderately 
No action 
Surface bleached 
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Chapter 14 
Vinyl Resins 

The viny! M|inB are among the oldest polymers known to chemical 
science, bat tb<ir industrial development has occurred almost entirely 
during the past tWo decades. Indeed, before the outbreak of World War II 
they were still aftnost in a state of infancy. Since 1941, however, they 
have dramatioa% stepped into rank among the most versatile and most 
raindly expimdnig groups of commercial plastics. Today they are one of 
the five major Ihmilies which make up the bulk of domestic production 
in the plastiea/industry. 

The raw initerials from which they are derived — petroleum, natural 
gas, coal, linwfetone, air, water, and brine — are cheap and abundant, so 
that current Ohlarged production facilities augur well for their future 
place among rklatively low-cost resins. They are available in a great 
profusion of chemical modifications and physical forms, both of which 
are constantly increasing in number. Their applications are legion. 

History 

Discovery of the first vinyl resin has commonly been accredited to the 
Frenchman, Regnault. In 1835 he synthesized vinyl chloride, but there is 
no record that he observed its polymerization. Three years later, how- 
ever, he did produce polyvinylidene chloride, a closely related type of 
resin to be diseassed in Chapter 15. 

In IfifiO, while working in London, A. W. Hofmann carried out the 
earliest recorded preparation of a true vinyl polymer— the polybromide. 
Twelve years idter that, E. Baumann reported its synthesis again, to- 
gethttr with that of polyvinyl chloride, and studied both of these products 
in some detuM. 

Mod^ int iil ti t in the polymerization of vinyl halides was revived 
bfy tiw familiar themist, Ostromislensky, who later came to the United 
States Inreontinued work in this and many other fields. In 1912, 
ha idrtaliiidtdMMiiarliest patents on vinyl polymers. Coincidentally, vinyl 
aeetate was laapared and polymerized by the German, Klatte, who ob- 
servad J(3i« w^ytic infiuence on its polymerization of such compounds 
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as benzoyl peroxide. Monomeric vinyl acetate had been proUtteed in an 
impure state as early as 1860 by the Russian chemist, Miaoiikoff, but 
neither its physical properties nor its tendency to polymerhre were re- 
corded at that time. This compound was produced in Canada in 1917, 
but no important commercial applications of vinyl resins oecurred until 
some ten years later. 

Research in this field was intensified after World War I, however, 
and many scientific articles, as well as numerous patents, Speared during 
the following decade. It was found that the hard and homy straight poly- 
mers of vinyl chloride are diflBcult to fabricate into useful articles and 
cannot be plasticized by admixture with the much softe^peiyvinyl ace- 
tates with which they are incompatible. During the ’twenties, however, 
E. W. Reid observed that pol5rvinyl chloride could be made much more 
amenable to mechanical manipulation by internal plas^cization with 
vinyl acetate as the result of copolymerizing the two rnsjeemers— chloride 
and acetate. Following this discovery, vinyl chloride-am<tate copolymer 
resins were developed by the Carbide and Carbon Chemi^ls Corpora- 
tion and sold under the trade-mark “Vinylite.” Such c^xdymers were 
first manufactured by this company in 1927, but large-septe production 
did not begin until 1933. In the latter year, an experimental house, built 
by the Pierce Foundation in cooperation with Carbide, was. constructed 
of vinyl polymers and equipped with articles made therefrom. • This 
harbinger of vinyl plastics was displayed at the Chicago World’s Fair 
and afforded a remarkable prophecy of many of the dMferrat ways in 
which these resins have since been fabricated on an industrial scale. 

Other producers entered the field. Shawinigan Chemicals, Ltd., was 
one of the earliest. In 1932 this firm completed erection of a vinyl acetate 
plant having a daily capacity of two tons. ExperimentaivSmd }u^-scale 
production of polyvinyl acetals soon followed and paved the way fmr 
subsequent developments in the field of safety glass. 

The du Pont Company later introduced polyvinyl alcchel as an indus- 
trial chemical and, still later, began the production of pdyvinyl acetate 
emulsions, now also manufactured by Shawinigan and 

Although dwarfed by wartime production of vinyl win and cable coah> 
ing, what was then a spectacular rise for a member of .the vinyl fandly 
occurred in 1936 when polyvinyl butyral was evolved as the interlayer for 
high-test safety glass. Developed by the Carbide and Qmhcm Chemicals 
Corporation in collaboration with the Pittsburgh Plate JQhws Cempany, 
this resin was in fact a practical outgrowth of Shawinifan’s earlier and 
more theoretical studies of polyvinyl acetals in general., I^ttyzal maaUi^ 
facture was first undertake on a commercial scale by Cfihide, Shawtoif 
gan, and Monsanto, then by du Pont. The plastic gaiqii||,lh id 
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rapidly that, by the time automobile construction was halted after Pearl 
Harbor, it was being used in practically all of the safety glass made in 
this country. 

Laite in the ’twenties, during the course of a search for methods of 
bonding rubber to steel, Waldo L. Semon of the B. F. Goodrich Company 
reoogQis«l the rubber-like qualities of properly plasticised polyvinyl 
chloride which, in a few years, was placed on the market in molded and 
extruded shapes — especially sheet and tubing — ^under the trade-mark 
“KoroseaL” Fabrics coated with this material were developed later. 
About 1940, Goodrich began their own manufacture of polyvinyl chloride, 
using acetylene as raw material. 

During the decade of the 'thirties a remarkable series of developments 
occurred in ‘Wlnyiite” copolymer resins. In 1933, the so-called “Keg- 
lined” beer can appeared. Use of a vinyl lacquer as a tin can liner was 
a fore-runner of important developments in the field of surface coatings. 
The widespread adoption of vinyl resins for such purposes was long de- 
layed because of difficulties in application, but recent developments in 
large-volume production of low-cost ketones have overcome many of 
these problems. Indeed, the use of vinyl resins in surface coatings which 
has followed large-scale commercial manufacture of ketones during the 
past decade parallels, to some extent, the earlier growth of pyroxylin 
lacquers made possible by the introduction of unlimited volumes of in- 
mcpensive ester-type solvents after World War I. 

The versatility of vinyl copolymer resins has been repeatedly demon- 
strated by the appearance in rapid succession of rigid sheets in 1937-38, 
flexible sheeting in 1939-40, and “Vinyon” textile fiber in 1939. The so- 
called “Plastisols” and “Organosols,” based on vinyl resins and intro- 
duced in 1944, have opened new vistas in low-pressure, low-cost molding 
and coating techniques. 

Vinyl resins have proved invaluable to the Army and Navy. Although 
utilised in many different ways by the armed forces, their largest single 
nulitary use has been in wire and cable coatings. It is chiefly this applica- 
tion wWch has accounted for their great increase in production since 1941. 
Water-proofing of cloth has been another essential wartime use. For these 
mid other purposes, the trend in recent years has been toward increased 
ute ol hiidtly plasticized polymers and copolymers containing a large per- 
omtage of vinyl chloride and possessing high molecular weights. 

Cunent dmnestic production of vinyl resins is in excess of 5,000 tons 
per month. According to U. S. Tariff Commission figures, total 1944 
volumo of polyvinyl alcohol, ester, and chloride resins was 111,900,000 
powndflt Averaging 43 cents in tmit value. Production of polyvinyl acetals 
WM ||,90S^0O pounds, with unit value of 90 cents. 
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Vinyl Monombbs • ' ,.H 

Vinyl compounds are characterized by the radical 
technically useful plastics are obtained from a diversity of 
which contain this group, such as styrene, dichlorostyrene^^WlllfltMliii 
bazole, and acrylonitrile. In this chapter, however, we shaA BlniMIMWr 
attention to resins derived from esters and ethers of vinyl^lriMMluillI^ 
most important intermediate monomers for this family SM 

vinyl chloride and vinyl acetate. Certain vinyl ethers tWMid 

widely abroad, but are as yet only in the developmentiA 
country. ■ 

Monomeric vinyl alcohol does not exist as such. Its 
dehyde and ethylene oxide, are obtained, instead, as the raiiit«||liMkiaO( 
in which it might be expected to form. Esters and ethers<(llarinfA4lMlwlt 
therefore, must be obtained indirectly rather than by diiaijt'fMkiiififiaitk^ 
It will be seen later that, although the monomer is noH!iillMlWt» 
vinyl alcohol can be produced indirectly by hydrolysis iif jrtlj liiij 1 
tate. It should be noted that both acetaldehyde and ethy|anawiite < 1^80 
yield high polymers, but these products differ markedly 
alcohol. Commercially useful polymers of ethylene oxideMA^KlminMl 
in Chapter 26. ; : <v 

Vinyl Chloride .. .., 4 .; < 

Vinyl chloride, H2C=CHC1, is a gas which condenses 
atmospheric pressure. It is made by chlorination of ethyJipe 
from cracked natural or refinery gases, followed by elimimti^ll if iQicr 
drogen chloride : v > 


(1) H2C=CH, + Cb — >-H,CCl— CH,a " ' 

(2) HjCCl— CH,C1 — »-H,C=CHCl ‘ ’ 

-HCl ^ 


Catalytic removal of hydrogen chloride, according to reaction ^ 
practiced industrially by passing the vapors of ethylene dichloriw'' 
such contact catalysts as pumice, alumina, or activated charcoallit* 
temperature. 

Another method of manufacturing vinyl chloride is by 8^ 
of hydrogen chloride to acetylene. A variety of catalysis i 

among them the most effective are salts of mercury. P 






(8) HC^H + Ha^^H,0-CHCl 

Ethylene and acetylene are each utilized industrially 
vinyl chloride. Sometimes both processes are operated by 
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pany in a complementary manner, hydrogen chloride produced by cata- 
lytic dehydrohalogenation of ethylene dichloride being reacted with 
acetylene. 


Vinyl Acetate 
Vinyl acetate 

O 

H.C===CH— O— (lUcH, 

ia •.volatile liquid which boils at 73° and possesses an odor reminiscent of 
aeetiddehyde, although more sweet. It is obtained by direct addition of 
acetie acid to acetylene at slightly elevated temperatures (40-60°) in the 
pl U Ml ce of a suitable catalyst: 


( 4 ) 


HCsCH + H 


O 


AH 


—OH H2C=CH- 

Catalyst 


o 

o— i*;— CH, 


White many substances exercise a catalytic influence upon this reaction, 
the acidic salt prepared by action of excess acetyl sulfuric acid upon 
XMtenne oxide is particularly effective and is used industrially to the 
extent of some 2 per cent by weight of the acetic acid. Acetyl sulfuric 
acid is prepared by passing sulfur trioxide into glacial acetic acid or by 
addition of oleum to mixed acetic acid and acetic anhydride at tempera- 
tures below 70®. Above this temperature, acetyl sulfuric acid is trans- 
formed into less active sulfoacetic acid. 

By further reaction of vinyl acetate with acetic acid in the presence 
of the same catalyst, ethylidene diacetate is produced: 


O 


(5) H,0=CH 




!H, + H; 


O 

jC— ill) — OH - 


AH 


Catalyst 



The factors that determine the extent to which reaction (5) occurs are 
pi^cipally temperature and extent of removal of vinyl acetate from the 
iq^twre of reaction. The higher the temperature and the more complete the 
setom of vinyl acetate to the reaction mixture by reflux, the greater is the 
y^d of ethylidene diacetate with -respect to vinyl acetate. High yields 
of vinyl aeetate with correspondingly low formation of ethylidene diace- 
tate can be obtained by use of a mercuric phosphate catalyst. 

It will be recalled that pyrol 3 rsis of ethylidene diacetate yields acetic 
anh3nlriite, essential to the production of cellulose acetate. This relation- 
ship between .two quite different families of plastics is noteworthy. 
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Vinyl Ethers 

Several laboratory methods are known for the preparation of vinyl 
ethers, but the earliest practicable process of industrial merit involved 
catalytic decomposition of saturated acetals in the vapor phase: 

H 

I /O— CH,— CH, ah 

(6) H,C— C< »-H,C==CH— O— CHr-CH, + H,C— CH^H 

N>— CHr-CH, Catalyrt 

This process is still favored in current American developments. 

Divinyl ether was at one time produced domestically, apparently lipiii 
dichloroethyl ether, and sold as an anaesthetic under the name, 
ethene.” #;»•! 

Modem German practice has utilized acetylene as the essential Mhp* 
mediate for vinyl ethers, an alcohol being added directly across the 
bond under suitable catals^tic influence: 

AH 

(7) H,C— CH:,OH + HC^H >- H,C— CH,— O— CH=CHj 

■4p ■ 'ji 

Catalyst ^ 

Several chemicals are capable of acting as catalysts for equation 
The corresponding sodium alkylate has been used industrially 
Reaction is carried out at 150° under pressures of 15 to 30 atmospheres. 

Table 39 lists properties of several monomeric vinyl ethers. 


Table 39. Physical Constants of Certain Monomeric Vinyl Ethers** 


Ether 

Formula 


Boiling ft. 

Vinyl methyl 

CH^H—O—CH, 

(k&b) 12-44 

Vinyl ethyl 

CH,==€H— O— CjHi 


35.5 

Vinyl n-butyl 

CH 2 =CH— O— C 4 H 9 


93.3 

Vinyl 5e<a-chloro-ethyl 

CH2=CH--0— CHa— CHiCl 


108.0 

Vinyl phenyl 

CH,=CH—(>- CeH^ 


165.5 

Ether 

Density 

Refractive 

Md 

a Md* 


Index 

Found 

Theor. 

Vinyl methyl 

— 

— 

— 

— 

Vinyl ethyl 

0.7723 (JD4* *) 

1.3856 (ni>» *) 

21.89 

21.85 


0.7589 




Vinyl n-butyl 

0.7887 

-1.4026 (ni>*«) 

30.94 


Vinyl 6e(<i-chloro-ethyl 

1.044 

1.4362 (no*") 

26.65 

Vinyl phenyl 

0.9776 

1.6226 (no**) 

37.49 

atm 


* Calculated from the atomic refractivities given by Eisenlohr and V. Auwem* H. 
physik. Chem,, 76, 585-607 (1911). 


Polymerization op Vinyl Monomers 
Monomeric vinyl compounds can readily be converted to an ahttost 
unlimited number of polymers and eopofymers varying in /average. mo> 
lecular weight and, in the case of copolsrmers, in the ratio of different 
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monomeric units present in each macromolecule. The same fundamental 
principles apply to the formation of all these polymers. Moreover, many 
of the relations which exist among reaction conditions, molecular weight, 
and rate of polymerization can be generalized to apply to numerous 
thermoplastics derived from other monomers containing vinyl or vinyl- 
idene radicals such as styrene, methyl methacrylate, and vinylidene 
chloride. In general, the formation of polymers from vinyl compounds 
is thought to be the result of chain reactions. 

The large molecules thus produced appear to possess a “head-to-tail" 
arrangement of their unit groups, so that their structure may be repre- 
sented by the general formula: 

CHr-<:HX— CHZ 

or, less adequately: 

(CH,=ciiar)„ 

where n is the degree of polymerization. In the case of most of the 
primary vinyl resins discussed in this chapter, obtained by direct poly- 
merization, X is usually 

O 

—Cl or — C— CHs 

or both. The degree of polymerization, n, may range from 20 to over 3000. 

It should be noted that molecular weights reported for commercial 
vinyl polymers have ordinarily been determined by means of viscosime- 
tric methods. Even in dilute solutions, however, Staudinger’s relation- 
ship is inaccurate and consistent results are difficult to obtain, so that 
apparent molecular weights measured by viscosimetry may be in error 
by as much as 500 per cent or even more. Most of the values given in the 
literature for commercial products are far too low. 

Industrial Polymerization Processes 
There are three principal methods by which unsaturated compounds 
are polymerized on an industrial scale. They are (1) bulk, (2) bead, 
and (3) emulsion processes. In bulk polymerization, the monomer is 
resinified directly, either in the presence or absence of solvent, by addi- 
tion of an appropriate catalyst and, usually, by^ application of heat. The 
temperature of polymerization — a critical factor in the determination of 
molecular weight — can often be conveniently controlled by carrying out 
reaction at the boiling-point of a suitably selected solvent or solvent 
mixtiu’e which need not necessarily dissolve the polymer. If the liquid 
used to dilute the monomer is a non-solvent for the resin produced there- 
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from, the latter is precipitated as rapidly as it is formed. Bulk methods 
of polymerisation are used industrially not only in the manufacture of 
vinyl polymers and copolymers discussed in this chapter, but also in the 
production of commercial polymers of styrene, methyl methacrylate, 
isobutylene, and other unsaturates such as coumarone-indene mixtures. 

In bead or granulation methods of polymerization, a hne stream of 
monomer is run into a bath consisting of an immiscible fluid — ^water in 
practice — ^which contains a suitable catalyst and colloidal substance stMlt 
as gelatin, methyl cellulose, hydroxyethyl cellulose, or polyvinyl alco|»l. 
Reaction is effected while carrying out such vigorous agitation that the 
current of monomer is whipped up into droplets that are suspended in 
the colloidal dispersion and converted into granules of polymer. The 
product is often sufiiciently finely divided for direct use as a molding 
material. Granulation methods are especially favored in the production 
of polymethyl methacrylate molding powders and are used by certain 
manufacturers in the polymerization of vinyl acetate. 

Emulsion polymerization is carried out by dispersing the monomer in 
an immiscible liquid — again water, in practice — by means of an emulsify- 
ing agent and bringing about polymerization by addition of a catalyst, 
usually a water-soluble peroxygen compound like sodium perborate. The 
use of emulsion polymerization methods par excellence is in the manu- 
facture of synthetic rubbers, most of which are now made in this way. 
Some concerns produce polyvinyl acetate and polyvinyl chloride by 
emulsion methods. Other thermoplastics, such as polystyrene, are also 
obtained by emulsion polymerization. As noted in the next section, this 
type of process can be carried out with less careful control than bulk 
operations. 

Factors Influencing Polymerization 

Polymerization of vinyl esters is accelerated by light, heat, and cat- 
alysts. Both the average molecular weight of the polymer and the rate 
of its formation are determined, in part, by these factors. The presence of 
certain impurities, even in traces, may accelerate, inhibit, or alter the 
course of polymerization. Where reaction is carried out in solution, both 
the concentration and specific nature of the solvent exercise an influence. 

In photopolymerizatioi\, the extreme ultraviolet is most effective, but 
catalysts like salts of uranium, cobalt, vanadium, and lead cause visible 
light to become active. 

Th^mal polymerization of vinyl esters is catalyzed by ozone, by 
peroxides, such as benzoyl peroxide, lauroyl peroxide, and ter-butyl 
hydrogen peroxide, and by metal alkyb like lead tetraethyl. The higher 
tto temperature and tbe greater the concentration of catalyst, tiie lower 
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is the molecular weight of the polymer. Polymerization of vinyl com- 
pounds is highly exothermic. Use of an aqueous medium in emulsion 
polymerization ensures a large body of inert fluid which removes heat 
rapidly from the individual minute areas of reaction. Hence temperature 
control can be maintained without painstaking care and high molecular 
weight products can often be obtained with greater ease than by bulk 
methods. 

Polymerization of vinyl esters is very sensitive to traces of certain im- 
purities. The presence of small amounts of acetaldehyde in vinyl acetate, 
for example, lowers the molecular weight of the polymer, as illustrated in 
Table 40, and impairs its light stability. 


Table 40. Effect of Traces of Acetaldehyde during Polymerization 
upon the Viscosity of Polyvinyl Acetate 


Aoetalddhsrdd 

Content 

<%) 

0.1 

0.2 

0.6 


Viscosity 

Polsrvinyl Acetate 
(cps.) 

20 

15 

6 


Reaction conditions: 60 parts vinyl acetate, 40 parts benzene, 0.09 
parts catalyst. Refluxed at 73-76® during hours. Per cent 
conversion: 66-70. 


Sulfur and salts of copper inhibit the polymerization of vinyl estors. 
Indeed, copper salts are utilized industrially to permit storage and ship- 
ment of monomeric vinyl acetate. Subsequent purification can be car- 
ried out by simple distillation. 

The remarkable specific effect of solvent upon the polymerization of 
vinyl esters is illustrated by Table 41, showing the molecular weight of 
polyvinyl acetate produced in different solvents under otherwise substan- 
tially identical reaction conditions. 


Table 41. Effect of Specific Solvent upon the Polymerization 
of Vinyl Acetate*® 


Solvent 

% Convenion 

Molar Viscosity of 
Polymer in Benzene 

Toluene 

29.0 

Solution (cps.) 

2.9 

Acetone 

68.5 

3.0 

Absolute alcohol 

22.6 

5.6 

Acetic acid 

78.7 

6.8 

Ethyl acetate 

89.3 

8.2 

Benzene 

55.0 

18.2 


Reaction conditions: Ratio of vinyl acetate to solvent: 1/1. 
Catalyst: 0.2 per cent of weight of monomer. Temperature: 78®. 


The greater the concentration of monomer in a given solvent, the 
higher is the molecular weight of the polymer other conditions being held 
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constant. The molar viscosity of polsrvinyl acetate, for example, pro- 
duced in ethyl acetate solution, drops from 18.4 to 8.8 cps as the vinyl 
acetate concentration is decreased from 60 to 50 per cent. The highest 
viscosity polymers are obtained in the absence of solvent or in aqueous 
emulsion. 

The rate of polymerization of vinyl esters is likewise affected by the 
same factors which influence molecular weight. For every 8° rise in 
temperature, for example, the speed of reaction increases twofold. It also 
increases with the amount of catalyst, being approximately proportional 
to the square root of the concentration of the latter. It likewise increases 
with the concentration of monomer in solution and is specifically affected 
by the individual solvent. Impurities may also influence the rate of 
polymerization. Acetaldehyde, for example, accelerates resinification of 
vinyl acetate, despite its deleterious action on the properties of the poly- 
mer. The same effect is noted with water in the presence of alkali, al- 
though water alone has little influence. It has been suggested that the 
catalytic activity of traces of moist alkali is the result of hydrolysis of a 
small amount of vinyl acetate to vinyl alcohol which immediately 
tautomerizes to acetaldehyde. 

Molecular Weight Distribution in Vinyl Polymers 

Polymerization of vinyl compounds never leads to formation of an 
individual molecular species, but rather to a complex mixture of struc- 
turally similar products of varying molecular weight. It has been shown 
in Chapter 4 that adequate information concerning the degree of poly- 
merization of high polymers can be obtained only from molecular weight 
distribution curves. Figure 10 of that chapter shows such curves for 
conunercial samples of poljrvinyl acetate. 

By fractionah precipitation of an acetone solution with isopropanol, 
Douglas and Stoops carried out molecular weight distribution studies 
upon vinyl chloride-acetate copolymers. Separation into six fractions, or 
polymer bands, of a copolymer possessing an average apparent molecular 
weight of 10,600 and a vinyl chloride content of 86 per cent was followed 
by examination of the physical properties of each band. This study 
showed that above 5000, molecular weight exercised little influence upon 
water absorption, heat resistance, refractive index, specific gravity, elec- 
trical properties, or hardness of the fractions. On the other hand, there 
was marked dependence of strength characteristics upon the degree of 
polymerization. Table 42 and Figures 118, 119 and 120 illustrate several 
of these relationships in the case of this particular sample of fractionated 
copolymer resin. 

It should be emphasized, however, that in commercial practice frao- 
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Figure 119. Relation of modulus of elasticity and modulus of rupture to molecular 
weight of vinyl chloride-acetate resin (see Fig. 120) . 
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tionation is never carried out because of the large-scale difficulties involved 
and because of the cost of the operation. As close control as possible of 
molecular weight and molecular weight distribution is established over 
industrial products by careful adherence to precise conditions of poly- 
merization. 



Figure 120. Rf'lation of plasticity (Scott plastometer) and viscosity (20 per cent 
solution in hexonc’, Fbrd cup, No, 4 tip) to molecular weight of polymer bands 
. fractionated from vinyl chloride-acetate resin of 85.9 per cent vinyl chloride con- 
tent and 10,600 average apparent molecular weight (as determined by the 8taudinger 
viscosity method, using a K„^ value of 3.4 X 10"*). {Carmv ami Douglan^'' See also 
Douglas and Stoops <‘^) 


Vinyl Polymers: Commercial Products 

All vinyl resins currently manufactured are thermoplastic. They may 
be grouped as primary or secondary^ depending upon their method of 
production. 

Primary resins are obtained by direct polymerization or copolymer- 
ization of monomeric vinyl compounds. They include principally polymers 
and copolymers of vinyl chloride, vinyl acetate, and vinyl ethers. 

Secondary resins are derived from primary polymers, particularly 
from polyvinyl acetate, by such metathetical reactions as hydrolysis and 
acetalation. 
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The resins discussed in this chapter can be classified as follows: 

(A) Primary Vinyl Resins 

I. Polymers of vinyl chloride and copolymers of vinyl chlo- 
ride and vinyl acetate 

(a) Hard resins containing more than 95 per cent of 
vinyl chloride 

(b) Soft resins containing less than 92 per cent of 
vin>l chloride 

(1) Tripolymers of vinyl chloride, vinyl ace- 
tate, and maleic anhydride 

II. Miscellaneous vinyl chloride resins 

III. Polyvinyl acetates 

IV. Polyvinyl ethers 

(B) Secondary Vinyl Resins 

I. Polyvinyl alcohol and partially hydrolyzed polyvinyl 
acetates 

II. Polyvinyl acetals 

(a) Polyvinyl formal 

(b) Polyvinyl acetal 

(c) Polyvinyl butyral 

Primary Resins 

Vinyl Chloride Polymers and Copolymers 

Among primary vinyl resins, polyvinyl chloride stands in marked con- 
trast to polyvinyl acetate. The former is a hard, horny substance, in- 
soluble in most organic solvents, except nitrobenzene and cyclic ketones, 
while the latter is a soft material which melts at relatively low tempera- 
tures and dissolves in a wide variety of common organic solvents such as 
alcohols, esters, ketones, and chlorinated* hydrocarbons. Polyvinyl chlo- 
ride and polyvinyl acetate are incompatible and their mixtures do not, 
therefore, give rise to useful products. The former, however, can be in- 
ternally plasticized by copolymerization of vinyl chloride with vinyl 
acetate. The copolymers can be handled on such machinery as calenders 
and tubers more readily than polyvinyl chloride itself, as little as 0.5 
per cent of acetate exercising a noticeable effect upon ease of fabrication. 
Facility of plasticization is also markedly improved in copolymers. As 
the amount of vinyl acetate is increased, the softening point is lowered 
and ease of plasticization, solubility in organic solvents, and facility of 
mechanical manipulation and of bonding are increased. Table 43 shows 
the relation between solubility and composition of certain primary resins 
derived from vinyl chloride and vinyl acetate. 



Table 43^ Qualitative Solubilities of '^Vinylite^' Resins * 


Copolymers of Vinyl Chloride and 
Vinyl Acetate Containing 8&~88% 
Vinyl Chloride (*) 



pdlyvinyl 

Acetate 0) 

Polyvinyl Low 

CUoride (») Moleealar!Wt.(») 

Medium 
Molecular Wt.<») 


26® 

96*<*) 

26® 

95®C*) 

26® 

96® W 

26® 

96® (*) 

Acetone 

s 

s 

I 

SW 

S 

s 

s 

S 

Acetonylacetone 

s 

s 

s 

s 

s 

s 

s 

s 

Butanol 

G 

s 

I 

I 

I 

I 

I 

I 

Butyl Acetate (98%) 

S 

s 

S-CL 

S-CL 

s 

s 

s 

s 

‘‘Carbitol” Acetate 

s 

s 

I 

I 

s 

s 

s 

s 

Carbon Tetrachloride 

S-CL S 

I 

I 

I 

I 

I 

I 

‘‘Cellosolve” Solvent 

s 

s 

I 

I 

I 

I 

S-CL 

s 

'^Cellosolve” Acetate 

s 

s 

I 

SW 

s 

s 

s 

s 

Cyclohexanone 

s 

s 

s 

s 

s 

s 

s 

s 

Diacetone Alcohol 

s 

s 

I 

sw 

G 

s 

s 

s 

Dibutyl Phthalate 

s 

s 

PS 

s 

s 

s 

8 

s 

Dichlorethyl Ether 

s 


PS 

s 

s 

s 

s 

s 

Diisobutyl Ketone 

I 

so 

PS 

S-CL 

s 

s 

s 

s 

Dioxane 

s 

s 

s 

s 

s 

s 

s 

s 

Ethanol (95%) 

8 

s 

I 

I 

I 

I 

I 

I 

Ethyl Acetate 

s 

s 

I 

sw 

s 

s 

s 

s 

Ethylene Dichloride 

s 

s 

s 

s 

s 

s 

s 

s 

Ethylene Glycol 

I 

I 

I 

I 

I 

I 

I 

I 

Ethyl Ether 

s 

s 

I 

I 

I 

I 

I 

I 

Fenchone 

s 

s 

I 

G 

s 

s 

s 

s 

Isophorone 

s 

s 

s 

s 

s 

s 

s 

s 

Isopropanol (anhydrous) 

I 

PS 

I 

I 

I 

I 

I 

I 

Isopropanol (technical) 

s 

s 

I 

I 

I 

I 

I 

I 

Isopropyl Acetate (98%) 

s 

s 

sw 

sw 
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s 

s 

s 

Mesityl Oxide 
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s 
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s 
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Methanol 
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I 

I 

I 

Methyl n-Amyl Ketone 

s 

s 
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s 
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s 
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s 

I 

I 

s 

s 

s 

s 

tate 

s 

s 

SW 
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PS 
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s 
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I 
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I 
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PS 
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s 

8 

Propylene Oxide 

s 

s 

PS 

PS 

s 

s 

s 

s 

Toluene 

s 
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I 

PS 
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s 

PS 

8 

Tricresyl Riosphate 

I 

I 

S-CL 

8 

I 

PS 

I 

8 

Xylene 

sw 

PS 

I 

I 

so 

PS 

sw 

PS 

S * Soluble SO » Softens 

G - Gels 

CL 

= Cloudy Solution 

I » Insoluble 


sw 

« Swells 

P « Partially 






Liquids in which the resins are soluble are not necessarily sufiiciently active solv^ts 
to pennit their use in ^^Vinylite” resin coating formulations. 

Tests were made at temperatures slightly below the boiling points on those chemi- 
cals which boil below 95**. 

These liquids are plasticizers which may be compatible with but are not necessarily 
solvents for the resins. 

‘‘Vinylite” resin AYAF, 10% in solvent. 

(») ‘‘Vinylite'^ resin QYNA, 2% in solvent. 

<•) <<Vinyhte” resin 10% in solvent. 

(7) «Vinylite^' resin VYLF, 10% in solvent. 

* Bakelite Corporation. Adapt^. 
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Commercially ueeful vinyl chloride-acetate copolymers contain eighty- 
five per cent or more bf vinyl chloride. Because of the preponderance of 
vinyl chloride in their structure, all of them are markedly different in 
physical properties from polyvinyl acetate. On the other hand, they do 
resemble polyvinyl chloride, the distinction here being one of degree 
rather than kind. Hence, although from a strictly chemical viewpoint, 
polyvinyl chloride can be classified apart from vinyl copolymers, from a 
practical angle the former should be considered as the limiting member 
of the family of commercial vinyl chloride resins, and it will be so dealt 
with in this text. On the basis of physical properties and practical appli- 
cations, a more meaningful line of demarcation can be established be- 
tween soft and hard vinyl chloride polyipers and copolymers. Hard 
resins contain 95 per cent, or more, of vinyl chloride. Soft ones contain 
92 per cent or less. 

The hard resins are utilised in highly plasticised form for fiexible and 
elastomeric products which are fabricated by extruding, calendering, 
molding, or solution-casting. No rigid moldinp are made from them. 
In general, they are not employed for solution coatings, exceptions being 
the “Organosols” and “Plastisols,” as well as certain coated fabrics. Like 
polyvinyl chloride itself, all of the hard vinyl chloride resins possess very 
restricted solubility in organic solvents and are dissolved appreciably 
only by nitrobenzene and cyclic ketones. 

Soft vinyl chloride resins are utilized in unplasticieed rigid moldings 
and rigid sheets, in textile fibers, and monofilaments, and in solution 
coatings. Although used to some extent, also, in certain plasticized goods, 
they are definitely inferior to their hard analogs with respect to flex- 
fatigue life. Soft resins are soluble in a wider range of ketones than their 
hard counterparts. 

During recent years, the trend in volume production of vinyl resins 
has been toward polymers of high vinyl chloride content and high 
molecular weight. 

General Properties of Vinyl Chloride Re6ins 

In the unplasticized state, vinyl chloride polymers and copolymers 
possess specific gravities within the range oi 135 to 1.49 at room tempera- 
ture. Density increases slightly with vinyl chloride contmt. These resins 
are all thermoplastic. The hard members of the family possess relatively 
high softening points which are lowered with increasing vinyl acetate 
content. Vinyl chloride resins decompose bef<we melting, witlr liberation 
of hydrogen chloride accompanied by discoloration. TOs fact makes it 
necessary to stabilize them thermally in to convert them into useful 
articles. This subject is discussed in the next esotion. 
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Vinyl chloride resine in general possess excellent chemical resistance. 
They are unattacked by acids and alkalies at temperatures up to about 
70®. They are not dissolved by either mineral or fatty oils, and, as shown 
by Table 43, they are insoluble in most solvents. Nitrobenzene and 
certain unsaturated and cyclic ketones such as mesityl oxide, isophorone, 
and cyclohexanone dissolve from 6 to 16 per cent, by weight, of polyvinyl 
chloride, while the lower aliphatic ketones take up less than two per cent. 
Soft vinyl chloride resins, while still possessing imusually good general 
chemical resistance, are more soluble in ketones than the hard polymers. 
Indeed, they dissolve so well in such aliphatic ketones as acetone, methyl 
ethyl ketone, and methyl isobutyl ketone that these liquids serve as sol- 
vents in the formulation of vinyl copolymer lacquers which can be thinned 
with considerable volumes of diluents like toluene. 

Vinyl chloride resins are non-flammable, odorless, tasteless, and non- 
toxic. They are free from oxidation and therefore weather well upon both 
internal and external exposure. They resist the action of concentrated 
oxidizing acids and other severely corrosive chemicals such as chromium 
plating baths, gaseous chlorine, ozone, and sulfur chloride. Vinyl chloride 
resins are exceptionally water-resistant, unplasticized polymers often 
dissolving less than 0.05 per cent by weight after prolonged immersion at 
room temperature; this characteristic improves with increasing vinyl 
chloride content. 

Vinyl chloride resins possess relatively high tensile strength. This and 
certain other physical properties such as hardness and flex-fatigue life 
improve with increasing molecular weight, as illustrated in Figure 121 
(see page 320). 

As in the case of most other plastics, tensile strength increases while 
elongation decreases with decreasing temperature. The relationship be- 
tween the stress-strain properties of plasticized polyvinyl chloride and 
temperature is shown in Figure 122. 

Rigid sheets and moldings of unplaslicized soft resins are exceptionally 
resistant to warpage. In the case of elastomeric products made from 
plasticized hard resins, dimensional stability is contingent upon the 
nature of the plasticizer, as well as its amount, and by the conditions to 
which it is subjected. Like dimensional stability, other properties of the 
hard resins, including their mechanical, electrical, and chemical behavior, 
are also contingent upon the kind and quantity of plasticizer combined 
therewith, and upon the extent of pigmentation, if any. 

Hard Vinyl Chloride Resina. It has been pointed out that almost all 
of the practical applications of the hard vinyl chloride resins require their 
plasticization and that the characteristics of the products vary with the 
kind and quantity of plasticiser used. Other classes of compounding 
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ingredients which are incorporated with hard resins include stabilisers 
against thermal decomposition, fillers, coloring materials, and mold 
lubricants. Stabilizers are always used; plasticizers almost always. 
Fillers may or may not be employed. Coloring materials, while fre- 
quently utilized in amounts ranging from 1 to 2 per cent, do not appear 
to exercise any influence upon physical properties. Lubricants are em- 



Figure 121. Relation between apparent specific vis- 
cosity of polyvinyl chloride and tensile strength and 
hardness of its plasticized compositions. (Specific vis- 
cosities of the polymer itself determined in an Ostwald 
pipette of 05 mm. bore using a 0.4 per cent solution of 

g ol 3 rmer in nitrobenzene at 20®. Tensile strength and 
ardness measured on compositions prei)ared by incor- 
porating the various polymers in the basic recipe of 1(X) 
parts by volume of polyvinyl chloride to 75 parts of 
tricresyl phosphate.) 

ployed where hard resins are to be extruded or molded, in order to prevent 
sticking to the metal surfaces of the tuber or other equipment. From 
1 to 3 per cent of the formula weight is generally employed, the most 
useful materials being camauba wax, stearates, and mineral oil. The 
latter is especially satisfactory in wire coating operations. Except for 
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metal stearates, lubricants do not appear to influence other physical 
properties of the compounds. Metal stearates may act as thermal stabi' 
Users also. 



Figure 122. Stress-strain diagrams for 60:40 polyvinyl chloride-tricresyl phosphate 
compositions at various temperatures. iRiissell*^) 

Thermal StabiUzaiion 

Like most chlorinated high polymers, vinyl chloride resins exhibit a 
tendency to decompose on long standing in the light under atmospheric 
conditions or on long-continued moderate heating. Decomposition be- 
comes apparent at temperatures above about 300° F. While most physical 
properties are scarcely affected as a result of thermal instability, color 
does develop. The resins yellow at first, then become darker, and finally 
blacken if heating is sufiSciently intense. Decomposition is accompanied 
with evolution of traces of hydrogen chloride which catalyzes further 
decomposition, the reaction being autocatalytic. For this reason, thick 
films from which acid cannot readily escape exhibit greater thermal 
instability than thin ones. 

Iron and zinc surfaces and pigiments accelerate decomposition. Special 
care should therefore be exercised in using these materials in conjunction 
with vinyl chloride resins at elevated temperatures, although a large 
number of vinyl raincoats have been made with the use of iron oxide 
pigments and have given satisfactory military service. 
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Several different categories of chemical compounds are effective 8tai)i- 
lisers. Many basic substances are utilised commercially and probably 
act by virtue of their ability to combine with traces of free acid and 
remove it from the sphere of action. In other instances, however, there 
is some other as yet unknown explanation for the effectiveness of a given 
stabiliser. If the development of color is dependent upon the formation of 
a chromophore containing a conjugated system of double bonds resulting 
from dehydrohalogenation, it may be that certain stabilizers like maleic 
anhydride function by virtue of a Diels-Alder addition across the conju- 
gated system, thus eliminating the chromophore. 

Compounds which are used as stabilizers include calcium, cadmium and 
lead soaps, calcium and lead acetates, oxides of bismuth, barium and lead, 
silicates of sodium, calcium and lead, and lead salts of substituted phenols 
like pora-tertiary butyl phenol. Among these materials, lead silicate, 
basic white lead, calcium stearate, and lead stearate are especially useful 
where clarity or non-toxicity are unimportant. From two to five per cent 
of these stabilizers, based on the total formula weight, is employed. In 
Germany, phenyl indol was used as a stabilizer. Numerous other com- 
pounds have been patented for this purpose. The most effective inhibitors 
of thermal decomposition appear to be organo-metallic compounds con- 
taining tin or lead. Dibutyl tin laurate is especially valuable and is used 
in amounts up to 2 per cent by weight of resin to maintain water-white 
clarity in transparent vinyl copolymers. Addition of maleic anhydride to 
copolymer resins containing organo tin salts still further improves sta- 
bility ; the equivalent effect can be obtained by use of dibutyl tin maleate 
or a similar organo tin salt of an alpha-unsaturated acid. Excellent color 
stabHization can be brought about by combination of two or more in- 
hibitors as, for example, 1 per cent by weight of calcium ethyl acetoacetate 
and 0.05 per cent of dibutyl tin maleate. 

Plasticieation 

Hard vinyl chloride resins almost always require plasticization to con- 
vert them into useful materials. Where suitably formulated, they acquire 
elastomeric characteristics. Many plasticizers can be incorporated under 
heat and pressure, by means of hot rubber rolls. It has already been 
noted that copolymers, even where the acetate is present to less than 0.5 
per cent, are easier to handle on the mill than polyvinyl chloride itself. 

The plasticisers most commonly used with hud vinyl chloride resins, 
listed in the order of their importance, are as follows: 

di-2-ethylhexyl phtiialate (“Flexol” DOP) (often called dioctyl phthal- 
ate) 

tricresyl phosphate (“Kronitex AA,” “Lindol”! 
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dicapryl phthalate 

butyl eatera of aoetylated poljmaerized ricinoleic acida (“P-16”) 
dibutoxyethyl phthalate (“Kronisol”) 
tri-2-ethylhexyl phosphate (often called trioctyl phosphate) 
methoxyethyl acetyl ricinoleate (“KP-120,” “P-4C”) 
triethylene glycol di-2-ethylhexoate (“Flexol” 3GO) 
triethylene glycol esters of coconut oil fatty acids (“SC” plasticizer) 
The effect of these materials upon hard vinyl chloride resins can be 
judged from Table 44. 

Di-2-ethylhexyl phthalate is commonly used for general purpose 
plasticization. Methoxyethyl acetyl ricinoleate yields films possessing 
relatively little temperature sensitivity. Triethylene glycol di-2-ethyl- 
hexoate (“Flexol” 3GO) (like polyethylene glycol di-2-ethylhexoate, 
“Flexol” 4GO) is especially well suited for low temperature fiexibility. 
Numerous other plasticizers are less frequently used such as butyl phthalyl 
butyl glycolate (“Santicizer B-16”), dibutyl phthalate, diamyl phthalate, 
dibutyl sebacate, di-2-ethylhexyl sebacate, and tributyl phosphate. 

Plasticizers for hard vinyl chloride resins are generally employed in 
amounts ranging from 25 to 45 per cent of the total formula weight. At 
times, it is desirable to combine two or more plasticizers, such as di-2- 
ethylhexyl phthalate and tricresyl phosphate. 

While elongation and flexibility are greatly increased by plasticization, 
both tensile strength and hardness are diminished almost in proportion 
to the amount o.f plasticizer. This fact is illustrated in Figure 123. 

The plasticizers which are used in conjunction with hard vinyl chloride 
resins are much more soluble in most organic solvents than the resins 
themselves, although there does not appear to be any direct relation 
between solubility of a given plasticizer in oil and its extraction thereby. 
Loss of plasticizer from hard copolymer resin films immersed in mineral 
oil for ten days is listed in Table 44. Figure 124 illustrates the loss in 
weight of plasticized polyvinyl chloride upon immersion in mineral oil, 
although in this case the tensile strength is not altered. 

Immersion of plasticized hard resins in potent solvents may lead to 
serious plasticizer extraction, attended by deterioration of physical 
properties. 

Although the vinyl chloride resins themselves possess an exceptional 
degree of dimensional stability, plasticization induces some cold flow and 
creep, especially at elevated temperatures. Elastomeric compositions 
based on hard resins, therefore, may acquire a permanent set which in- 
creases with both temperature and plasticizer content, as shown in 
Figure 126. 

The effect of plastioizatioD on flexibility, brittle point, abrasion re- 
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VOLUMES OF TRICRESYL PHOSPHATE 


PER 100 VOLUMES OP POLYVINYL CHLORIDE 

Courtesy The B, F, Goodrich Co.^* 

Figure 123. Relation between plasticization of polyvinyl chloride, 
tensile stren^h, and hardness. 



Figure 124, Change in weight and in tensile strength of ^‘Koroseal” caused 
by immersion in paraffinic oils, 
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10 20 30 40 50 60 

PER CERLT PLASTICIZER 

Courtesy The B, -F. Goodrich Cofi^ 


Figure 125. Relation between pennanent set and plasticizer 
content of “Koroseal” (plasticized polyvinyl chloride) at two 
different temperatures. Samples one inch square by 3/32 inch 
thick were placed betmen smooth, flat, steel plates and loaded 
to 400 lbs per square inch and exposed to 168® F for 22 hours 
in an oven. Ten minutes after pmoval, the decrease in thickness 
was measured on a Randall-Stickney gaup^e. The permanent set 
is expressed as per cent decrease of onginal thickness. Tests 
were repeated at room temperature (average 70® F). A rubber 
compound particularly designed for low set characteristic in com- 
pressive service showed 4.17 per cent set at the elevated tem- 
perature and 1.04 per cent set at room temperature. 
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Figure 126. Milling **Vinylite’* plastic compounds. 
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sistance, and dielectric properties is discussed in connection with specific 
applications of hard resins. In general, toughness and dielectric properties 
improve as the amount of plasticizer is decreased, but flexibility — espe- 
cially at low temperatures — suffers accordingly.. 



VOLUMES OF PIGMENT PER 100 VOLUMES OF 
POLYVrNYL CHLORIDE 

CourUsy The B, F. Goodrich CoM 

Figure 127. Relation between loading of polyvinyl chloride 
and ultimate tensile strength. (Basic recipe: ICO parts poly- 
vinyl chloride to 89 parts tricresyl phosphate.) 


Loading 

Plasticized hard vinyl chloride resins can be milled togetiier with other 
compounding ingredients, such as fiUws. Common fillers used for this 
purpose mclude the carbon bl^Jcs (be^"medium soft), fine clays, silica, 
diatomaceous earth, barytes, and soft whiting. Most of these materials 
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exercise little, if any, reinforcing action on the hard vinyl chloride resins, 
but they are sometimes utilized in compounding vinyl elastomers for 
mechanical applications wherb special conixol of hardness or some other 
specific property* is sought. Certain relationships between filler con- 
tent and physical properties of plasticized polyvinyl chloride are shown 
in Figures 127 to 130. 



VOLUMES OP P'GMENT PER 100 VOLUMES OP 
POLYVINYL CHLORIDE 

Courtesy The B. F. Goodrich CoM 


Figure 128. Relation between loading of poljrvinyl chloride 
and elongation at the breaking point. (Basic recipe ; 100 parts 
polyvinyl chloride to 89 parts tricresyl phosphate.) 

The effect of loading on dielectric properties and abrasion resistance 
is discussed under specific applications of hard vinyl resins. It is usually 
harmful in both cases. , 

Uses of Hoard Vinyl Beams 

Wire and Cable Coating: Extruded Products. The most important use 
of hard vinyl chloride resins is in electric wire and cable coating. This 
single application has accounted in large part for tlie spectacular growth 
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of vinyl resin production since Pearl Harbor. Their utility for this appli- 
cation is based upon good electrical properties, flexibility where properly 
plasticized, good aging characteristics, ability to withstand chemical and 



Figure 129. Empirical combined effect on tensile strength 
and elongation of loading of poljrvinyl chloride. (Basic recipe: 
100 parts polyvinyl chloride to 89 parts tricresyl phosphate.) 


mechanical abuse, and non-flammability. These resins are extruded for 
wire and cable coating either directly or in the form of insulating tape. 
The latter has proved invaluable in automotive and aircraft lighting and 
ignition circuits, as well as in industriaT and naval cables. Wrapped tape 
insulation can be heat-sealed at temperatures between 90 and 150“ to 
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yield excellent electrical and mechanical protection which is impervious to 
moisture. 

In compounding hard vinyl resins for wire and cable coating, the resin 



Fi^rc 130. Relation between loading of polyvinyl chloride 
and hardness. (Basic recipe ; 100 parts polyvinyl chloride to 
So parts trioresyl phosphate.) 


is admixed with plasticizer, stabilizer, lubricant, and filler if presoit, 
and cold-mixed in a standard chromium-plated or 8tainle«i steel kneader 
or mixer for about a half-hour. After dischar^g into drums, it is allowed 
to stand for several hours, preferably a day, and then fluxed and milled 
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for about 15 minutes on rubber rolls having a speed differential of about 
1.2/1 and heated to 135-149°. 

The dielectric properties of all plasticizers used in conjunction with 
vinyl resins are inferior to those of the resins themselves, so that in order 
to obtain flexibility by plasticization, some sacrifice of insulating value 





Courtesy Halowax Products Division of U. C. 


Figure 131. Dielectric properties of “Vinylite” VYNW ma- 
terial at 26*. (Formula: 96 per cent “Vinylite” VYNW; 
1 per cent lead stearate; 2 per cent white lead; 1 per cent 
mineral oil.) 


must be made. The dielectric characteristics of a hard copolymer resin 
containing no plasticizer are shown in Figure 131. Figures 132 and 133 
show the effect of adding various amounts of two of the most important 
plasticizers. Figure. 134 shows the relation between d.c. resistivity, 
temperature, and plasticizer content. - 
The nature of the plasticizer' also exercises an influence on the aging 
properties of compounded hard resins as shown in Figure 135. 
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In general, the loading of extrusion compounds with large volumes of 
fillers results in deterioration of dielectric properties and should be 
avoided, especially where the wire or cable coating must possess good 
voltage breakdown and insulation resistance after prolonged immersion 
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l.OG,o OF FREQUENCY IN CYCLES PER SECOND 

Courtesy Halowas; Products Division of U, C. 

Figure 132. Effect of plasticizer content on the dielectric 
properties of “Vinylite” VYNW — di-2-ethylhexyl phthalate 
compounds at 23°. (4-inch disc specimens. Formula: calcium 
stearate, 1 per cent; di-2-ethylhexyl phthalate, as ^indicated ; 

‘‘Vinylite” VYNW, balance to 100 per cent.) 

in water. Where the latter requirement does not exist, filling with only 
a minor amount of filler may, in some instances, result in improved 
resistivity, although it is reduced by further loading, as shown by 
Figure 136. 

In addition to wire and cable coating, plasticized hard vinyl chloride 
resins are used in oUier extruded forms, especially as tubing for a variety 
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L06|o OF FREQUENCY IN CYCLES PER SECOND 

Courtesy Halowax Products Division of U. C, 


Figure 133. Effect of plasticiser content on the dielectric 
properties of ^‘Vinylite” VYNW— tricresyl phosphate com- 
pounds at 23®. (4-inch disc specimens. Formula: calcium 
stearate, 1 per cent ; tricresyl phosphate, as indicated ; ‘‘Vinyl- 
ite” VYNW, balance to l(jO per cent,) 



UOG,o OF RESISTIVITY IN WE60HM- CENTIMETERS 
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TEMPERATURE IN *0 


Courtesy Halowax Products Division of U, C, C.^s 

Figure 134. D. C. resistivity-temperature char- 
acterisUcs of 4-inch disc specimens of experimental 
^‘Vinylite" VYNW extrusion compounds. (For- 
mula: calcium stearate, 1 per cent; plasticizer, as 
indicated; ‘‘Vinylite” VYNW, balance to 1(X) per 
cent.) 
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Figure 135. Effect of aging on electrical resistivity of poly- 
vinyl chloride plasticized with optimum volumes of three 
plasticizers. 




VINYL RESINS 


387 



PIGMENT CONTENT IN PER CENT 

Courtesy The B, F, Goodrich Co,^^ 

Figure 136. Effect of varying amounts of certain fillers 
on electrical resistivity of plasticized polyvinyl chloride. 
(Formula: 100 per cent polyvinyl chloride, 52 per cent 
di-2-ethylhexyl phthalate, fillers as indicated based on 
100 per cent resin.) 
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of purposes, including chemical equipment and beverage hose and as 
stripping for articles of attire such as belts, suspenders, and watch straps. 

Flexible Sheeting and Film. Plasticized polyvinyl chloride in the form 
of molded sheets of varying thickness has been used in the field of 
mechanical goods, especially gaskets, for over a decade. The range of 
properties available in this material is indicated by Table 45. 


Table *46. Physical Properties of Plasticized Pol 3 rvinyl Chloride “ 


Specific gravity 
Specific volume 
Specific heat 

Coe^cient of friction 

Tensile strength 

Hardness (Shore durometer Type A 
at 30®) 

Elongation 
Compression set 


Volume compressibility 
Tearing strength 

Flexibility 


Impact strength 


Abrasion resistance 


1.20 to 1.41 (unpigmented) 

23.0 to 19.8 cubic inches per pound (unpigmented) 
0.32 to 0.51 

Bone hard Soft 

Dry 0.13-0.16 0.20-1.80 

Lubricated 0.13-0.16 0.05-0.10 

2000-3000 Ib/sq in (batch stocks) 

60 to 100 (batch stocks) 

2 to 500% 

This varies considerably depending upon the exact 
compound, but is generally somewhat greater 
than rubber compounds. 

Practically incompressible. 

Very tear-resistant — generally comparable with 
rubber compounds. 

Much better than rubber at normal temperatures 
in flexing life tests. Certain compounds will 
flex at temperatures as low as — 40®. 

100 inch pounds per sq in at room temperature. 
The softer compounds behave generally like 
rubber. 

Koroseal is better than rubber at normal tempera- 
tures but softens and flows at elevated tempera- 
tures. 


Plasticized sheeting and film is produced from hard copolymer vinyl 
resins by calendering. Resistance to tearing, scuffing, and abrasion are 
outstanding attributes of these materials. A wide variety of colors — 
transparent, translucent, and opaque — ^is available. Sheeting is currently 
produced in thicknesses ranging from 0.020 inch to 0.085 inch. Film is 
available in thicknesses of 0.004 and 0.008 inches. 

The rough surface finish imparted by calendering is most common, 
but sheeting may be press-polished or embossed. Surface-polished to 
simulate leather, vinyl sheeting has proved especially serviceable in toes 
and heels of boys^ shoes where its scuff-resistance is outstanding. Other 
impressive applications have been made in wearing apparel and acces- 
sories such as belts, suspenders, ladies’ evening shoes, and handbags, 
luggage, and upholstery. Heavier stock has been used in shoe soles. Film 
has proved popular in raincoats, shower curtains, drapes, food bags, and 
beauty parlor capes. It possesses intriguing potentialities as a food** 
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packaging material. Important military applications include jungle bags, 
aerial delivery bags, aircraft wing paulins, gun covers, hospital sheeting, 
desalination bags, and reconnaissance boat bladders. 

In these uses', flexibility, lack of brittleness at low temperature, flex- 



fatigue resistance, and abrasion resistance are invaluable characteristics 
of- properly plasticised hard vinyl chloride resins. 

The extent to which plasticixation improves stiffness-temperature re- 
lations of vinyl chloride resins in general is typified by ^e effect of 
incorporating dir2-ethylb6Xyl phthalate, to the extent of 30 per cent, with 
a soft copolymer, illustoated in Figure 137. The relation between plasti- 
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cizer content and stiffness of hard vinyl chloride copolymer resin sheeting 
at a given temperature is shown in Figure 138, where plasticization is 
carried out with di-2-ethylhexyl phthalate. 

The effects of a given amount of different plasticizers and of varying 



Figure 138. SUffness at 26» of “Vinylite” VYNW 
plasticized with di-2-ethylhexyl phthalate vs. plasti- 
cizer content. {Clash and Berg^) 


amounts of the same plasticizer on stiffness-temperature relationships and 
brittle points of a hard copolymer resin are shown in Figures 139 and 140, 
respectively. Figure 141 shows the relation between brittle temperature 
and plasticizer content in the case of three important plasticizers. 

Flex-fatigue life of plasticized vinyl chloride resin sheeting increases 
as a logarithmic function of the plastidzer content, as shown by Figure 
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142 which also illustrates the increasing longevity of these sheetings with 
rising temperature and the deleterious effect of stretching. 

Unlike stiffness-temperature characteristics, flex-fatigue life is not a 
function of the type of plasticizer, but is determined almost entirely by 



TEMPERATURE IN ’F 


Figure 139. Stifinesy vs. temperature of “Vinylite’* VYNW plasti- 
cized with 35 per cent of three different plasticizers. (.Clash and 
Berg **) 

the degree of flexibility of the compounded sheeting, regardless of the 
chemical nature of the plasticizer, provided it is readily compatible with 
the resin. 

Other factors which affect the flex-fatigue life of vinyl sheeting in- 
clude the molecular weight of the resin, the surface finish of the sheeting, 
and the presence or absence of fillers. In general, the higher the molecular 
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weight of the resin, the longer its fatigue life. Press-polished sheeting has 
two or three times the flex-fatigue life of material exhibiting sharp surface 
irregularities, such as a matte flnish. Finally, the incorporation of fillers 
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Figure 140. Stiffness vh. temperature of ^‘Vinylite” VYNW plasti- 
cized with varying amounts of di-2-ethylhexyl phthalale. {Clash 
and Berg^'‘) 

with plasticized hard vinyl chloride resins results in marked diminution 
of fatigue life, as shown by Figure 143. 

Abrasion characteristics of plasticized vinyl sheeting are also highly 
important from such practical viewpoints as adaptability to shoe manu- 
facture and upholstery construction. Curiously, the abrasion resistance 
of equally flexible sheeting is slightly more for plasticized soft resin of 
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medium molecular weight containing 90 per cent vinyl chloride than for 
high molecular weight hard resin. This fact is shown in Figure 144. 

Abrasion loss of all types of vinyl resins decreases rapidly as the 
plasticizer content increases as illustrated by Figures 144 and 145. Like 
stiffness characteristics, but unlike flex-fatigue life, the resistance of 
plasticized vinyl resins to abrasion is influenced markedly by the chemical 
nature of the plasticizer (see Figure 146). 



Figure 141. Effect of plasticizer con- 
centration on brittle temperature of 
“Vinylite” VYNW. (ASTM Method 
l>.74ff-43T.) (Clash and Berg^-) 


It is of importance, also, to note that the abrasion resistance of plasti- 
cized vinyl chloride resin sheetings is very little affected by temperature 
changes within the range of 0 to 25®. This fact is again illustrated by 
Figure 144, which contrasts with these resins the marked temperature 
sensitivity of plasticized polyvinyl butyral sheeting. The latter material 
exhibits much higher abrasion loss at freezing than at room temperature. 
Rubber, on the other hand, shows less abrasion at 0® than at 25°. 

Fillers greatly reduce abrasion resistance. The least degradation of 
abrasion properties occurs with the finest particles; the greatest, with 
the coarsest. The behavior of fillers in this respect is similar in all types 
of vinyl sheeting. These generalities are illustrated in Figures 146 and 147. 

Although it is apparent from the foregoing discussion that the proper- 
ties of sheeting and film made from plasticized hard vinyl chloride resins 
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10 20 30 40 

di-2-ethylhexyl phthalate in per cent 


Figure 142. Fold-flex fatigue of stretched and un- 
stretched “Vinylite” VYNW sheetings plasticized with 
di-2-eth^lhexyl phthalate. (Adapted from Duggan and 
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Figure 143. Fold-flex fatigue of variously filled **Vinyl- 
ite’^ VYNW sheetings, plasticized to equal flexibility at 
26®. {Adapted from Duggan and Fligor^) 




346 


CHEMISTRY OF COMMERCIAL PLASTICS 



Figure 144. Effect of plasti- 
cizer content and temperature 
on abrasion resistance of vari- 
ous “Vinylitc” resins. iDug- 
gan 




ABRASION LOSS AT 25®C IN CUBIC CENTIMETERS 


VINYL RESINS 


347 



Figure 145. Effect of specific plasticizer as well as plasti- 
cizer content on the abrasion resistance of “Vinylite” VYNW. 
{Duggan 
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Figure 14^). Effect of different fillers on the abrasion re- 
sistance of “Vinylite” VYNW plasticized with 35 per cent 
di-2-ethylhexyl phthalato, all vinyl compounds being equal 
in flexibility. (Duggan*^) 
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Figure 147. Effect of filler content on abrasion rWstance 
of different “Vinylitc” resins, all compounds being equal in 
flexibility at 25® and containing 28 per cent triethylcne 
glycol di-2-ethyl hexoate, 35 per cent di-2-ethylhexyl phthal- 
ate, and 32 per cent di-2-ethylhexvl phthalate in the cases 
of XYSG, VYNW, and VYNS, respectively. {Duggan^) 





CHEMISTRY OF COMMERCIAL PLASTICS 


350 

vary widely according to the nature of the particular resin and plasticizer 
used, Table 46 is included in order to give a general idea of the character- 
istics which may be expected of commercial calendered copolymer resin 
sheeting. 


Table 46. Properties of a Typical Plasticized Hard Vinyl Copolymer 
Resin Sheeting * 


Specific Gravity, 20/20® 

Pounds per sq yd per mil thickness 

Hardness (Shore Durometer A at 25®) 

Water Extraction, per cent in 24 hr at 25° 

Tensile Strength, lb per sq in 

Elongation, per cent at breaking point at 2 

Flammability 

Effect of Aging 

Effect of Sunlight 

Fatigue Resistance 


1.26 

0.059 

80 

0.20 

2800 

325 

Slow burning t 
Slight stiffening over long periods 
Very slight darkening on long exposure 
1,000,000 flexes 


* Bakelite Corporation. 

fThe flammability and chemical resistance of plasticized sheeting are dependent 
upon the plasticizer. 


Note: The physical properties of the sheeting are dependent upon the type and amount 
of plasticizer and the grade of resin used. The figures given are obtained with one of 
the standard types, VU-1930 Clear. 


Molding Compositions. Plasticized hard vinyl chloride resins can^ also 
be molded by either compression or injection methods to yield elastomeric 
shaped articles. Numerous industrial and military applications of mold- 
ings of this type have been made, among which aircraft grommets are 
typical. Filled with powdered cork, plasticized molded polyvinyl chloride 
has found an interesting industrial application in rayon spinning cots. 

Film Casting or Coating. Plasticized polyvinyl chloride has been 
applied from solution to numerous fabrics in the production of so-called 
''Korosealed^' fabrics. 

These products .were just becoming of considerable importance before 
World War II. Industrial applications include corrosion-resistant liners 
for chemical conduits and coated or impregnated asbestos tape for electri- 
cal applications. Consumer uses are varied, including umbrellas, raincoats, 
tableclothes, bath caps, shower curtains, drapes, upholstery, and gloves. 

Plastisols and Organosols. A remarkable new technique in fabrication 
of vinyl copolymers has been introduced with the development of pastes 
prepared by dispersion of finely powdered hard copolymer resin in 
suitable plasticizers. These pastes may be solvent-free possessing a con- 
sistency such that they can be readily applied as coating materials to 
fabrics or other surfaces. They can also be loaded into inexpensive molds 
which can be closed under low pressures. Dip-coating and opeh-curing 
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can also be practiced. Heating to temperatures of 160® causes the plasti- 
cizer to diffuse throughout the resin particles, resulting in a coherent 
plasticized sheet or solid article. Inasmuch as no polymerization occurs 
during this process and either no solvent or very little is present, there is 
substantially no decrease in volume. The pastes, themselves, are stable 
for many months at room temperature. 

Products of this kind, made of “Vinylite^^ resins and containing no 
solvent, are available on the market under the name “Plastisols.^^ Similar 
materials containing small amounts of solvent which can be removed dur- 
ing heating without appreciable volume change are available under the 
name ^^Organosols” and are especially useful for fabric coating purposes. 
Thick coats of vinyl resin can be applied in a single operation. 

Miscellaneous. Miscellaneous forms of polyvinyl chloride include foam 
and sponge. 

Because of the fact that polyvinyl chloride lacks unsaturation, sulfur 
exercises no vulcanizing effect upon it, although in combination with 
sodium sulfide, presumably as sodium pol^^sulfide, it effects cross-linking 
of the linear chains. This latter reaction does not seem to have been used. 

In Germany, polyvinyl chloride has been further chlorinated by sub- 
stitution and spun into textile fibers under the name “PeCe.^' Because 
of the low softening point, use of this material has been confined largely 
to chemical filter cloth for which application its resistance to corrosive 
liquids makes it well adapted. 

A significant new development in vinyl chloride resins is their produc- 
tion and distribution in the form of ‘^Geon’^ latex of approximately 50 per 
cent solids content which is used in coating, impregnating, and film- 
forming applications. 

Solutions of polyvinyl chloride, such as '^Korolac,^^ are available for 
various uses. 

Polyvinyl chloride will dissolve in a limited number of solvents at the 
boiling point, but gels on returning to room temperature. Based on this 
fact, gels are commercially available (‘‘Korogel”) which can be warmed 
until they become liquid solutions. They can then be used as dipping 
baths to coat electroplating racks and other equipment which must be 
protected from corrosive chemicals. Chemical adhesion of the coating is 
relatively slight; union is effected by mechanical shrinking of the coating 
around the covered object. 

Hard vinyl resins are compatible with butadiene-acrylonitrile copoly- 
mers such as ^‘Buna and ^^Hycar OR.*^ Such mixtures have been found 
highly useful in fabric coating compositions because of improved resist- 
ance to heat and solvents, with or without vulcanization of the elastomer. 
Excellent adhesives can also be prepared from such mixtures. 
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Trade Names and Prices of Hard Vinyl Resins 

Hard vinyl resins are available in bulk form as follows: polyvinyl 
chloride under the trade-mark ^‘Vinylite” QYNA from the Bakelite 
Corporation and under the designation '^Geon^’ 100 Series (a name which 
has replaced '‘Koron”) from the B. F. Goodrich Company. “Geon^^ latex 
is also available from the latter company. Copolymer resin possessing 
an approximate vinyl chloride content of 95 per cent and an apparent 
average Staudinger molecular weight of 22,000 is sold by the Bakelite 
Corporation under the trade-mark ^^Vinylite^’ VYNW. 

These resins are converted into numerous finished elastomeric forms 
by a considerable number of fabricators, many of whom have their own 
trade names for their products, a complete catalog of which cannot be 
given here. ^'KoroseaP’ is especially worthy of mention because it pio- 
neered in this field. 

In 1945, these resins were priced at about 38 cents per pound, unplasti- 
cized, in carload lots. 

Soft Vinyl Chloride Resins. Soft vinyl chloride resins, containing less 
than 92 per cent vinyl chloride, are manufactured for use primarily in 
unplasticized rigid moldings, sheets, textile fibers, and monofilaments, 
and for solution coating applications. They are produced by the Carbide 
and Carbon Chemicals Corporation and marketed by Bakelite under the 
trade-mark, ^Tinylite^^ V series, in five principal grades, the composition 
and major uses of which are listed in Table 47. 


Table 47. Grades, Composition, and Important Applications of 
Vinyl Chloride-Acetate Copolymer Resins 


*'VinyUte*’ 

Designation 


VYLF 

VYHH 


VMCH 

VYNS 

VYCF 

VYNW 


Composition in % Vinyl 
Chloride 

85-88 

85-88 


85 (1 % maleic acid) 
88.5-90.5 
88-90 
88-90 
96 


Average Apparent 
Molecular Weight 
(Staudinger Method) 

6,000 

10,000 


10,000 

16,000 

16.000- 19,000 

20.000- 23,000 
24,000 


Principal 

Applications 

Surface coatings 
Surface coatings 
Coated paper 
Phonograph records 
Floor tile 

Molding compounds 
Surface coatings 
Sheet stock 
Staple fiber 
Continuous filament 
Calendered sheeting 
Wire and cable coating 
Plastisols and organosols 


The earlier discussion of the general properties of vinyl chloride resins 
is applicable to soft copolymers as well as to hard resins. The chief points 
of difference between these two groups have already been mentioned. 
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They are to be found in the lower softening points of the former, in their 
greater solubility in ketonic solvents, and in their adaptability to molding 
and spinning, without addition of external plasticizer. Like hard resins, 
these soft counterparts also require thermal stabilization with the same 
types of chemicals previously described. Unlike hard resins, however, 
plasticization is not employed except in solution coatings. Fillers, 
coloring materials, and lubricants may or may not be compounded with 
them, according to the application. 

Uses of Soft Vinyl Chloride Resins 

Surface Coatings, During recent years there has been a marked ex- 
pansion in the use of vinyl resins for surface coating applications. Much 
of this development can be accounted for by the evolution of inexpensive 
ketones. Soft resins are used in vinyl lacquers in order to obtain satis- 
factory adhesion. Baking on metal surfaces at temperatures above 350® F 
is required, except in the case of a tripolymer discussed later. Because of 
the need for baking, thermal stabilization of vinyl chloride resins destined 
for use in coatings is particularly important. 

Surface coatings must be formulated with resins of low enough molecular 
weight to yield non-viscous solutions of reasonable solids content, that 
can be easily applied by dipping, rolling, or with the use of a knife or 
rotogravure press. Application by brushing is more difficult. Vinyl co- 
polymers possessing average apparent Staudinger molecular weights of 
10,000 or less are therefore preferred. Various grades can be admixed 
for coating purposes. Toughness, strength, and chemical resistance of 
coatings, however, increase with increasing molecular weight and in- 
creasing vinyl chloride, content, so that special lacquer applications may 
require higher viscosity copolymers. Table 48 shows the resistance to 
various solvents and chemicals of a typical soft vinyl chloride resin 
coating. 

Ketones are excellent solvents for soft vinyl copolymers and are 
commonly used in lacquer formulations. Nitroparaffins arc good solvents, 
esters only fair. Certain chlorinated hydrocarbons are often effective, 
but are not widely used in surface coatings because of toxicity. Aromatic 
hydrocarbon diluents may be utilized in lacquer formulation but especial 
attention must be directed to avoid excessive increase of viscosity, as 
well as gelation. Figure 148 illustrates the manner in which replacement 
of active solvent by diluent results in higher solution viscosity. This 
effect is most pronounced in concentrated solutions. A typical viscosity 
phase diagram of solutions of “Vinylite” VYHH in mixtures of methyl 
isobutyl ketone and toluene is shown in Figure 149. 

Plasticizers are usually incorporated in surface coatings based on 



Table 48. “Vinylite” Resin Properties* 

Solvents and Diluents 

t — no attack Alcohols and polyalcohols Excellent — no effect 


354 


CHEMISTRY OF COMMERCIAL PLASTICS 


a 

II I 


^ ILn o O 

® d d 


® . > 
k'l.a. 


'£ 2 

.11 ^ 
l|g ' 
S g J'R 

W ^ WP 


I d I'M w 
I §4 ^ c) q) 

> S:S SO 

o © 'd 5 

03 >> B 

^ a,,d ^ ,d 

^ 03 01 © O 

' 5 caps 


'2 'd o 
‘g S 2 
o a o 

S 

S;|J 

^ g g 

2ii 
S S 
oo 


^ 1^2 al 

13 S ® s J s 
I S 5 S ^ I S 

' *C d 'o 2 o 

is 

'O OK 


• 'S 

I 2 

! ^ os 

! g'S 

-d .§ 

2 § S 

aj .1 


H 

(I (I M M H M 


1 1 

■3ii 

I da o 
;SQO 


.2 2 

111 

II 


« 

.itl 

lit 


3 d "S 

3 08 O *^© S 

g fa g g 

3 *1 *1 ” g g* .© 

if2£l?wl 


Note: Data applies to baked films of resin VYHH at 70° F. Higher molecular weight resins possess greater resistance to solvents and 
corrosive chemicals, especially at elevated temperature. Properties of compounds and coatings depend on type and amount of modifying 
material present. 

♦ Bak^te Corporation. 1 66” Be' (96.5 sulphuric, anhydrous hydrofluoric, and fuming nitric acids discolor resin VYHH. 



VINYL RESINS 


355 


vinyl resine. For general use, tricresyl phosphate and butoxyglycol 
phthalate (^^KronisorO are employed. Numerous other plasticizers can 
be utilized for specialized applications. 

Except for iron and zinc pigments, which may catalyze therndal de- 
composition of inadequately stabilized films, almost all of the usual paint 
pigments can be utilized in vinyl copolymer lacquer formulation, Pig- 



Figure 148. Equilibrium vis- 
cosities of methyl isobutyl 
ketone — ^toluene mixtures of 
“Vinylite^* VYHH solutions. 


Courtesy Carbide and Carbon 
Chemicals CorpA^ 


ments, however, are wet by these resins only with difficulty. They are, 
therefore, preferably admixed by the shearing action of a rubber mill. 
Pebble milling can be carried out also, with special precautions. 

Vinyl copolymers are incompatible with most other resins, both natural 
and synthetic, so that they are usually employed as the sole resinous 
component of lacquers based thereon. A few exceptions to this general 
rule exist, notably in the case of polymethyl methacrylate. Various 
grades of vinyl copolymers can be blended. 
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Courtesy Carbide and Carbon Chemicals CorpA^ 

Figure 149. Phase diagram of solutions of **Vinylito” VYHH in mixtures of methyl 
isobutyl ketone and toluene. 

Typical roll-mill formulas suggested by the Carbide and Carbon 
Chemicals Corporation are given below, in per cent by w^cight: 



Stock 

Semi-Paste 


Red 



80 

Cadmium red 

70 

Stock 

15 

‘‘Vinylite'' VYHH 

30 

Thinner 

4 

Butoxyglycol phthalate 

100 


1 

No. 15 blown castor oil 



100 

White 



68.5 

Titanium dioxide 

66.7 

Stock 

7.5 

Antimony oxide 

33.3 

Thinner 

15.0 

‘‘Vinylite^' VYHH 

100.0 


8.0 

Butoxyglycol phthalate 


1.0 

No. 15 blown castor oil 



100.0 





* Thinner: 40 Methyl isobutyl ketone 

10 Methyl n-amyl ketone 
40 Toluene 
10 Xylene 
100 

Optimum adhesion of vinyl copolymer resins is developed by baking. 
Air-drying alone is unsatisfactory except in certain specialized applica- 
tions such as concrete coatings for swimming pools and the like. 
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Adhesion to metal surfaces is produced by baking at 350 to 400® F 
for times ranging from a few seconds in the case of metal foil, to an hour 
in the case of heavy steel plate. Top coats can be baked for shorter 
times at lower temperatures (275-300® F). Thermal decomposition dur- 
ing baking over iron or zinc surfaces is retarded by stabilization with the 
inhibitors discussed earlier, by separation from the metal surface by 
means of an intermediate primer coat of alkyd, phenolic, or other suitable 
resin, or by pre-treatment of the metal surface with phosphates, sulfides, 
or chromates, as in the '^Bonderizing^' process, to render the metal 
passive. 

Table 49 lists a number of current applications of 'Tinylite^’ lacquers, 
indicating the particular characteristics which fit them for the work 
at hand. A unique and invaluable property of well-formulated lacquers 
of this type is their adaptability to forming. Flat sheets of paper or 
metal coated with copolymer lacquers can be crimped, spun, punched, 
drawn, or otherwise shaped without injuring adhesion to the base material 
and without cracking the coating. 

It has been pointed out that the use of copolymer vinyl chloride-acetate 
resins in surface coatings applied to metals requires baking, not only in 
order to eliminate solvent, but also to develop adequate adhesion. Baking 
temperatures are above the point at which thermal decomposition of the 
resin begins, so that incorporation of stabilizers or some kind of protection 
from the metal surface is necessary in such applications, especially 
where iron or zinc is involved. Lead pigments are satisfactory for this 
purpose, but in the formulation of clear, non-toxic coatings for such 
applications as liners for beer cans, they cannot be used and other ex- 
pedients have been adopted. These problems have led to the evolution of 
a special type of vinyl resin capable of developing adhesion toward 
metal surfaces upon air-drying alone. This product, sold as “Vinylite'^ 
VMCH, is a tripolymer of vinyl chloride, vinyl acetate, and maleic acid. 
The ratio of chloride to acetate is approximately 85 to 14 and the maleic 
acid is present to the extent of one per cent. Molecular weight, estimated 
from viscosity measurements, is held as close as possible to an average 
value of 10,000. 

Free carboxyl groups are thus present in small amount in the resin 
structure and these groups are capable of developing adhesion to metal 
surfaces at room temperature. With as little as 0.1 per cent acid, im- 
provement of adhesion becomes apparent. With contents as high as 5 per 
cent, corrosion of the metal surface is encountered and decreased resist- 
ance to heat, light, and water begins to appear. For optimum balance of 
properties, it is often desirable to mix “Vinylite^* VMCH with up to fifty 
per cent of its weight of another soft vinyl chloride resin. 
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♦ Bakelite Cwporation. (0 See Table 48. (*) Sheet metal or paper, coated in the flat, may be crimped, spun, 

punched, or drawn without cracking the Vinylite" resin film. 
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Because of the presence of active carboxyl groups in this tripolymer, 
cross-linking and insolubilization with attendant increase of heat- 
resistance and hardness can be brought about by means of active pig- 
ments, such as blue lead or zinc yellow. Heat reaction can also be 
obtained with various synthetic resins containing active hydroxyl groups, 
such as surface-coating resins of the urea and melamine types. Reaction 
of this kind improves insolubility of coatings and increases water resist- 
ance. Addition of a small amount of phosphoric acid followed by baking 
further improves insolubility of such blends. 

Vinyl tripolymer is also a useful base for primer coats applied before 
covering with high molecular weight copolymer resin, acrylate and 
methacrylate polymers, and Buna N type synthetic rubbers. It is 
especially meritorious in bonding the latter elastomers to metal. 

Vinyl tripolymer has been found satisfactory as a base for coating 
materials applied to iron, steel, tinplate, terne-plate, galvanized iron, 
copper, brass, aluminum, magnesium, stainless steel, chromium plate, 
glass, cement, concrete, brick, tile, and plaster. Improvement of adhesion 
over that developed by copolymer resin has also been noted on paper, 
wood, cloth, and certain oil-base inks. Adhesion to painted surfaces is 
usually not increased. 

Although excellent adhesion results from air-drying alone, further 
improvement results from low-temperature bakes which accelerate sol- 
vent release and development of ultimate hardness. 

Rigid. Sheets. Another important use of soft vinyl chloride resins is in 
exceptionally warp-proof, non-plasticized, rigid sheets. The higher molec- 
ular weight grades of soft copolymers are used for this purpose, as shown 
earlier in Table 47. Rigid vinyl copolymer sheets are available in a 
variety of transparent, translucent, and opaque colors, press-polished 
or matte-surfaced, and in thicknesses varying from 0.005 to 0.250 inch. 
Standard sheet size is 20 X 50 inches, but calendered material is also 
produced in 52-inch widths up to 0.015 inch thick. These sheets possess 
the chemical resistance shown in Table 48, exhibit low water absorption 
at room temperature, and are dimensionally stable, giving rise to almost 
no warpage. They may be formed upon heating by drawing, blowing, 
spinning, swaging, or shaping over mandrels. Machining operations 
such as punching, sawing, and shearing can be easily carried out. They 
can be printed with special inks. 

Typical properties of rigid copolymer sheets are shown in Table 50, 
while characteristic applications are indicated in Table 51. 

Molding Compounds, Molding compounds of soft vinyl chloride resins 
are available for compression and injection molding and for extrusion. 
They have not been widely used in the past except for phonograph 
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Table 50. Properties of Rigid **Vinylite” Sheets * 


Odor 

None 

Taste 

None 

Tendency to Cold Flow 

Forming Qualities 

Slight 

Swaging, Shearing 

Excellent 

Blowing, Spinning 

Fair 

Specific Gravity, 20/20® 

1.34-1.37 

Specific Volume, cu in/lb 

Refractive Index, Nd20® 

20.7-20.4 

1.53 

Softening Point, ® F 

140-150 

Water Absorption, per cent, 168 hr immersion at 25® 

0.05-0.15 


Flammability 
Effect of Age 
Effect of Sunlight 
Chemical Resistance 


Does not support combustion 
None 

Darkens on prolonged intense exposure 
See Table 48 


Tensile Strength, Ib/sq in 
Hardness, Brinell (550 lb-3 min) 

Izod Impact Strength, ft-lb (notched specimen) 

Modulus of Elasticity, Ib/sq in 

Modulus of Rupture, Ib/sq in 

Specific Heat, cal/® C/g 

Thermal Conductivity, cal/sq cm /cm /sec/® C 

Linear Coefficient of Thermal Expansion per ® C 

Volume Resistivity at 30®, ohm-cm 

Breakdown Voltage at 60 Cycles, volts per mil 

Dielectric Constant at Radio Frequency 

Power Factor at 1,000 Cycles 

Radio Frequency 


8 , 000 - 10,000 

12-15 

0 . 2 - 0.6 

350.000- 410,000 

10.000- 13,000 
0.244 
0.000395 
0.000069 

Greater than 10^* 
650 
4.0 
1.3% 

1.7% 


♦ Bakelite Corporation. 


records, pocket combs, and toothbrush handles. These resins are the 
only ones which have been able to compete with shellac in the production 
of high-fidelity phonograph records, a unique application for which they 
are widely used. Flexible records for radio transcriptions are made of 
these resins. In the production of phonograph records is to be found one 
of the rare instances where a thermoplastic is loaded heavily with mineral 
fillers, like diatomaceous earth, which may constitute over half of the 
entire molding composition. 

The presence of a trace of carboxylic acid groups in the tripolymer, 
'^Vinylite*' VMCH, mentioned in the discussion of surface coatings, has 
led to the interesting possibility of developing cross-linkages between 
resin chains by interaction with certain active metal oxides and sulfides, 
especially with lead compounds, like blue lead. Where intimate admixture 
is established by such operations as jet pulverization, compression mold- 
ing of this resin with one of these mineral pigments results in the forma- 
tion of exceptionally hard and heat-resistant products whose potentialities 
have as yet scarcely been touched. 
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Textile Fibers, Fine filaments of vinyl copolymer are manufactured by 
passage of a resin solution through a spinneret and evaporating the 
solvent. Under the trade name ‘^Vinyon,” both staple fiber and con- 
tinuous lengths are available in standard deniers in unoriented and 
oriented (cold-stretched) forms. Because of its relatively low softening 
point, ^^Vinyon’^ cannot be used in garments which will be subjected to 
laundering in hot water, but its chemical resistance has led to wide ac- 
ceptance by the chemical industry as filter cloth. It is used in sail-cloth 
and rope, applications in which its mildew-resistance is of paramount 
importance. Numerous potential uses will undoubtedly be developed 
where heat-resistance is not a factor. Its low softening temperature is 
definitely advantageous in felt manufacture where it is matted with cotton 
fibers, then pressed while heated, making practicable the use of cotton in 
this application instead of rabbit’s fur, formerly imported for the purpose. 
Table 52 gives a comparison of the tensile strength of “Vinyon” and other 
textile fibers. 


Table 52. Strength Characteristics of **Vinyon” and Other Fibers * 


Yam 

Silk — degummed 
Viscose 
Acetate 
^‘Vinyon’^ (1) 
“Vinyon^* (2) 
‘^Vinyon” (3) 


Dry (R. H. 65%) 
Tenacity Elongation 

(g/den.) (%) 

4.22 15.7 

2.00 18.0 

1.40 27.0 


Wet 


Tenacity 

Elongation 

(g/den.) 

(%) 

3.40 

26.3 

1.00 

28.0 

0.85 

36.0 

4.00 

18.0 

2.30 

25.0 

1.00 

120+ 


* Manufacturers' data. Carbide and Carbon Chemicals Corporation. 


Soft vinyl chloride copolymer monofilament similar to ^‘Vinyon,” but 
of greater diameter, is used as synthetic brush bristle. 

A special spun plasticized fiber has been developed to exhibit reversible 
extensibility. It has found use in certain military and essential civilian 
goods and proved of particular value upon the disappearance of rubber- 
ized fabrics following Allied loss of the rubber plantations of the Far 
East. Typical applications are woven surgical stockings and knee braces. 

Miscellaneous Applications, Other special products into which vinyl 
copolymers are fabricated include laminating foil for surfacing over 
printed matter or other areas which need to be protected from abrasion 
or scuffing and for the heat-sealing of garment labels and other emblems 
to be attached to cloth. Calender-coated paper has proved of especial 
merit in liners for closures of containers for food, beverages, pharma- 
ceuticals, and toilet preparations. 

A unique packaging process developed for the specific purpose of pro- 
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tecting ships and other military equipment in storage comprises the spray- 
ing of a “Vinylite” coating supported by filaments of saran. The latter 
resin is added as a webbing agent to a solution of the former so that, 
when emitted from a standard spray gun, a mesh of polyvinylidene 
chloride filaments is formed which supports a non-adherent, protective 
coating of “Vinylite” resin. 

Miscellaneous Vinyl Chloride Copolymers 

Other vinyl chloride copolymers are manufactured in Germany and 
are being developed in the United States. “Mipolam,” produced by the 
T. G. Farbenindustrie A. G., is a copolymer of vinyl chloride and methyl 
acrylate. It is reported that similar products are being made in this 
country on a small scale. 

Copolymers of vinyl chloride and vinylidene chloride are discussed in 
the next chapter. The oldest and best known representative of this 
family, “Saran,” is produced by the Dow Chemical Company and is 
preponderantly vinylidene chloride. The “Geon” 200 series of resins 
made by B. F. Goodrich Company, however, are reported to be copoly- 
mers of these two unsaturated chlorides in which the vinyl derivative is 
present in greate.st proportion. “Geon 202” appears to consist of approxi- 
mately 94 per cent vinyl chloride and 6 per cent vinylidene chloride, 
while “Geon 203” is apparently built up from these monomers in the 
respective ratio of about 88 to 12. 

The Glenn L. Martin Company has recently announced its entry into 
the field of synthetic high polymers with the introduction of “Marvinol” 
vinyl resins. Products made therefrom range from rigid shapes to elas- 
tomeric bodies. 

Polyvinyl Acetates 

Several grades of polyvinyl acetate are manufactured by polymeriza- 
tion of monomer derived from acetylene. Because of the inhibiting effect 
of copper compounds, stills and columns used to purify the monomer 
may be made of copper to prevent polymerization during heating, but 
condensers and lines contacting the vapor should be of aluminum or 
stainless steel in order to prevent contamination of the finished product 
with stabilizing impurities. 

As indicated earlier in this chapter, it is possible to vary the molecular 
weight of the product within wide limits by controlling conditions of 
polymerization. In commercial practice, temperature and duration of 
reaction are maintained as constant as possible from batch to batch 
and impurities are reduced to a minimum — ^usually 0.1 per cent or less. 
Viscosity of the product is controlled by varying the nature of the sol- 
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vent, the temperature of polymerization, and the nature and concentration 
of the catalyst. Toluene, for example, can be used as solvent for the 



Courtesy Bakelite Corp. 

Figure 150. Raw paper feed to a coating calender. 



Courtesy Bakelite Corp, 

Figure 151. Calender coating paper with “Vinylite” resin. 


production of low-viscosity polymers, while benzene can be used for 
higher ones. Addition of controlled amounts of acetaldehyde can also be 
used as a means of varying the viscosity of the polymer, but is inadvisable 
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because of the poor light stability of the resulting product. At the end 
of the reaction, the solvent and unpolymerized vinyl acetate are removed 
and the resin is dried. 

The highest molecular weight polyvinyl acetates are produced in 
aqueous emulsion by running monomeric vinyl acetate into a vigorously 
stirred slurry of water, catalyst, and colloidal emulsifying agent such as 
polyvinyl alcohol or hydroxyethyl cellulose. 

Properties. Polyvinyl acetate resins are available in the solid form as 
colorless, thermoplastic, non-toxic solids which possess neither taste nor 
odor. Unlike the vinyl chloride resins, polyvinyl acetates are soluble in a 
wide range of organic liquids, including aromatic hydrocarbons and 
numerous oxygenated and chlorinated solvents. Their solubilities have 
already been listed in Table 43, where they are contrasted with the 
chemical resistance of vinyl chloride resins. Polyvinyl acetates are, 
however, insoluble in paraffinic hydrocarbons and for this reason can be 
used in coating paper to render it grease-proof. 

The softening points of polyvinyl acetates range from 45 to 90°, or 
even higher in the case of polymers of highest viscosity. Some of the 
physical properties of various grades of polyvinyl acetate are listed in 
Table 53. 

In general, because of their low softening points, polyvinyl acetates 
should not be exposed to temperatures above 150° F. As they tend to 
absorb water on prolonged exposure, they should not be used where con- 
stant immersion is necessary. They resist salt spray and dilute acids and 
alkalies, but concentrated acids and alkalies hydrolyze them to water- 
soluble polyvinyl alcohol. 

Although incompatible with other vinyl polymers and with many 
synthetic resins, polyvinyl acetates can be readily compounded with many 
common plasticizers such as glycolatcs, phosphates, or phthalates of 
alcohols below Cb. Dibutyl phthalate is one of the best plasticizers for 
these resins, but di-2-ethylhex>d phthalate is unsatisfactory. Polyvinyl 
acetates are compatible with cellulose nitrate and low viscosity cellulose 
acetate propionate and acetate butyrate to which they are added in 
lacquer formulation to improve adhesion. They are also compatible with 
some of the oil-soluble phenolics, a few alkyds, condensation products of 
toluene sulfonamide and fonnaldehyde, certain rosin products like “Vin- 
sol,^’ chlorinated rubber, chlorinated naphthalene (i.e., “Halowax”), and 
a few natural resins like gum acaroid and mastic. 

Uses. Polyvinyl acetates are not utilized as molding resins because of 
their relatively great cold flow and low softening points. Exceptions to 
this statement lie in their use as binders for wood flour in molded imi- 
tations of wood carvings and as binders for compositions heavily loaded 
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Grades 
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Impossible to break because of tendency to cold flow. 

Surface of all films immersed in water was unaffected after drying. 

* Bakelite Corporation. 
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with mineral fillers employed in pressing out inexpensive advertising 
signs. 

Some of the principal applications of the polyvinyl acetates are to be 
found in the adhesive field where they are used either in solution or 
emulsion, or as hot melts. Cellophane, cloth, paper, leather, wood, and 
other surfaces can be bonded therewith. The joints possess exceptional 
bond strength and are far superior in water-resistance, mold growth, 
and flexibility to those obtained with conventional adhesives based on 
such natural products as starch, dextrin, or hide glues. For use as a hot 
melt, low viscosity polyvinyl acetates are admixed with plasticizers or 
with other low-melting resins. This application has proved of especial 
merit in the manufacture of fiber containers and paper cups. Heat- 
sealing tape and film with the adhesive comprised largely of polyvinyl 
acetate are available for use in bonding paper and cloth and are par- 
ticularly valuable in attaching cap liners and labels. Medium and low 
viscosity polyvinyl acetate solutions in ethyl alcohol or chlorinated hy- 
drocarbons are used to strengthen food wrappers, to impart transparency 
to them, and to make them resistant to water and grease — characteristics 
of especial importance in this application. 

Unlike most natural resins, polyvinyl acetates have a zero acid number 
and are therefore used in the formulation of non-tarnishing metallic inks, 
in inks for cellophane and glassine paper, in leather finishes, as binders 
for wood putty, as a component of chewing gum, as bonding agents for 
lenses, and as components of lacquers. They are favored in bookbinding 
and padding gums in which applications they have been found exception- 
ally meritorious, because, unlike hide glue, they yield flexible backings 
which do not embrittle with age and which do not require the use of 
fabric. Polyvinyl acetates are used as stiffening agents and sizes for 
})aper and textiles. The exhaustion of aqueous emulsions used for the 
last two purposes is facilitated by addition of aluminum acetate or sul- 
fate. In aqueous emulsions these resins are applied as primer surface 
coatings to tile, concrete, and ceramic articles which can later be lac- 
quered or painted as desired. 

The outstanding resistance of polyvinyl acetates to greases and oils 
adapts them to use in the coating of grease-proof paper in which field 
their heat-sealing properties may also be advantageous. 

Certain limitations are imposed upon the use of polyvinyl acetates as 
the sole resinous constituents of lacquers and adhesives because of their 
tendency to cobweb and string. Precautions must be observed in applica- 
tions on typical glue machines. Only the lowest viscosity grades of poly- 
vinyl acetate can be applied by spraying because the higher types cobweb 
at reasonable solids content. Addition of nitrocellulose decreases cob- 
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webbing, while, on the other hand, polyvinyl acetate increases the ad- 
hesion and heat-sealability of the nitrocellulose. 

Low molecular weight polyvinyl acetates in solid form tend to block 
in hot weather and at high relative humidities. Because of this character- 
istic and because of the cobwebbing tendencies of higher molecular 
weight grades, polyvinyl acetate coatings gained only limited acceptance 
before their introduction in the form of emulsions. High molecular weight 
polyvinyl acetates can be prepared in the state of emulsions of high 
solids content and low viscosity which can be sprayed without cobweb- 
bing. With resins of sufficiently high molecular weight no blocking is 
encountered, although where plasticized sufficiently, even they will block. 
This difiiculty can be eliminated by incorporation of a trace of an im- 
miscible wax or oil like paraffin or castor oil. On evaporation of the 
water, an extremely thin film of the wax or oil is deposited upon the 
surface of the resin. If not used to the extent of more than one or two 
per cent, heat scalability is not seriously impaired. 

Certain types of polyvinyl acetate emulsions, when properly applied, 
yield coatings that are as water-resistant as the corresponding lacquers, 
despite the presence of emulsifying agents in the film. 

From 6 to 10 per cent of an organic solvent may be used in these 
emulsions. This relatively low amount of solvent presents no fire hazard 
and ensures smoothness of flow on baking. 

Polyvinyl acetate is available in a range of viscosity grades under the 
trade-marks “Gelva,” 'Winylite^^ A series, and '‘ElvaceV^ — formerly “RH” 
polyvinyl acetate. Prices in 1945 averaged 40 cents per pound in carload 
lots. 

Solutions and emulsions are also on the market under such trade 
names as ^‘Gelva,^^ “Elvacet,^^ and certain ^^Onyx Resin Dispersions.^^ 

Polyvinyl acetates modified by partial hydrolysis are available under 
the trade-mark, ‘Tinylseal,^^ for special adhesive applications. These 
products are discussed in the section dealing with polyvinyl alcohol. 

Various copolymers of vinyl acetate and other non-chlorinated un- 
saturates are available in Europe and are being explored in this country. 
'Tovimal,^' a product of the I. G., is a copolymer of vinyl acetate and 
a maleic acid ester, for example^ Copolymers of vinyl acetate and certain 
monomeric acrylics have been sold in limited amounts in this country as 
well as abroad. 

Polyvinyl Ethers 

Vinyl ethers can be polymerized by heat and by ultraviolet light, 
although less readily than the corresponding vinyl esters. Traces of 
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such catalysts as stannic chloride or antimony pentachloride cause poly- 
merization with explosive violence. Metallic sodium is without effect. 
Polymerization proceeds smoothly under the catalytic influence of iodine, 
an interesting fact in view of the inhibiting action of this material in 
the polymerization of styrene, vinyl halides, and methacrylates. Degrees 
of polymerization ranging from 18 to 170 have been reported for polymers 
of vinyl ethers. 

Vinyl ethers have been manufactured industrially in Germany by the 
I. G. and were polymerized to high molecular weight products sold under 
the names, ^^Igevin,** ^‘Lutonal,’* and Methyl, ethyl, and isobutyl 

ethers were available in several degrees of polymerization, ranging from 
viscous oils to wax-like solids. Most of these materials are glue-like 
masses which are either colorless or light yellow. Certain properties of 
typical polymers are listed below. 


Table 54. Physical Constants of Poljrvinyl Ethers 


Polyvinyl methyl ether 

Density 

(20®/4‘^) 

1.045 

Refractive 

Index 

fnx>«) 

1.467 

Dielectric 
Constant 
(50 cycles) 

3.5 

Volume 
Resistivity 
(ohm cm) 

5 X 10« 

Power 
Factor 
(50 cycles) 

1 X 10-3 

Polyvinyl ethyl ether 

0.96 

1.454 

3.0 

6 X 10” 

2 X 10-3 

Polyvinyl isobutyl ether 

0.91 

1.452 

2.2 

1 X 10“ 

1 X 10-3 


Polyvinyl methyl ether is readily soluble in cold water, but precipitates 
from aqueous solution at temperatures above 35®. Its solutions resemble 
those of starch and dextrin. Polymers of higher ethers are insoluble in 
water. The methyl ether is insoluble in aliphatic hydrocarbons, but 
higher ethers are soluble therein. The wide range of solubilities in organic 
solvents exhibited by these materials is shown in Table 56. 

Polyvinyl ethers are compatible with several natural and synthetic 
resins used in the formulation of surface coatings, as shown in Table 56 
on the next page. 

Industrially, polyvinyl ethers have been used as textile sizes and 
finishing agents; as components of adhesives, especially pressure-sensitive 
adhesives; as thickening agents, particularly as additives for wood, fiber, 
and cable impregnants and insulating oils; as components of lacquers 
based on nitrocellulose and various natural resins to which they are 
added for improvement of adhesion and flexibility; and, in admixture 
with latex or aqueous dispersions of various synthetic resins, as treating 
agents for textiles, paper, and metal foil. Polyvinyl oleyl ether and 
copolymers with vinyl isobutyl ether have been reported to be pour-point 
depressants for mineral oils. 

Certain vinyl ether copolymers are manufactured abroad. 
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Table 55. Solubilities of Polyvinyl Ethers 

59 

Solvent 

Pol 3 rvinyl 
Methyl Ether 

Polyvinyl Polyvim»'l 

Ethyl Ether Isobutyl Ether 

Water 

+ 

— 

— 

Methanol 

+ 

4- 

— 

Ethanol 

4- 

4- 

— 

Butanol 

-f 

4- 

4 

Benzene 

4- 

4- 

4 

Toluene 

4- 

4- 

4 

Ligroin (100-140®) 

— 

4- 

4 

Methylene dichloride 

4- 

4- 

4 

Carbon tetracliloride 

4- 

4- 

4 

Acetone 

4- 

4- 

— 

Cyclohexanone 

4- 

4 

4 

Ethyl acetate 

4- 

4 

4 

Butyl acetate 

4“ 

4 

4 

Methyl glycol ether 

4* 

4 

4 

Ethyl glycol ether 

4- 

4 

4 

Methyl glycol acetate 

+ 

4 

4 

Ethyl glycol acetate 

4- 

4 

4 

Turpentine 

Difficultly soluble H- 

4 

Mineral oil 

— 



Linseed oil 

4- 

4 

— 

Castor oil 

4- 

4 

— 

Tributyl phosphate 

4- 

4 

4 

Tricresyl phosphate 

4- 

4 


Dibutyl phthalate 

+ 

4 


Table 56. Compatibilities of Polyvinyl Ethers 

with Variou.s 

Resinous Materials 

Resin 

Polyvinyl 

Methyl Ether 

Polyvinyl 
Ethyl Ether 

Poljrvinvl 
Isobutyl Ether 

Cellulose nitrate 

4- 

4 

— 

Cellulose acetate 

— 

— 


Benzyl cellulose 

partially compatible 

— 

— 

Polyvinyl acetate 

— 

— 

— 

Polymethyl acrylate 

— 

— 

— 

Polystyrene 

4- 

— 

— 

Polyvinyl chloride 

— 

— 

— 

Rubber 

— 

— 

— 

Chlorinated rubber 

partially compatible 


— 

Rosin 

4- 

4 

4 

Shellac 

4- 

4 

partially compatible 

Congo copal 

4- 

4 

4 

Dammar 

4- 

4 

partially compatible 


American production of polyvinyl ethers has thus far been confined to 
the developmental scale. The General Aniline & Film Corporation has 
recently announced the availability of monomeric methyl, n-butyl, and 
isobutyl vinyl ethers in limited amounts for experimental use. It is 
imderstood that research on their polymers is in progress in the labora- 
tdries of this company. 
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Secondary Vinyl Resins 


Pol 3 rvinyl Alcohol 

Preparation and Types. Polyvinyl acetate is easily hydrolyzed in 
alcoholic solution by either acid or alkali. The former leaves traces of 
acid in the product which are very difficult to remove, so that the poly- 
vinyl alcohol formed is partially dehydroxylated, probably because of 
catalytic dehydration during drying. In the case of alkaline hydrolysis, 
the product is contaminated with sodium acetate which must be removed 
by dialysis of the aqueous solution of the precipitate. Instead of hydro- 
lyzing with either acid or alkali, polyvinyl acetate can readily be con- 
verted to polyvinyl alcohol by the process of alcoholysis. The acetate is 
first swelled in anhydrous methanol. The reaction is then catalyzed by 
addition of 0.5 per cent, or less, of caustic alkali in methanol solution. 
Acid may also be used as catalyst. Water, even in traces, should be 
avoided inasmuch as it impedes reaction. Polyvinyl alcohol gradually 
forms at room temperature, the acetate passing from the initial swollen 
state to a viscous solution and finally to an opaque gel. The total time 
of reaction approximates hours with an alkaline catalyst. If the 
gel is dissolved in water and precipitated with acetone, polyvinyl alcohol 
is obtained. The product thus made still contains some 5 per cent of its 
acetate groups unchanged. By interrupting the alcoholysis at appropriate 
intervals, mixed alcohol-acetates can be obtained which possess any 
desired percentage of acetate radicals. 

The proi)ertie8 and consequently the uses of polyvinyl alcohol depend 
upon the extent to which hydrolysis is carried out. Where polyvinyl 
acetates are modified by only partial hydrolysis so that from 85 to 70 
per cent of the original acetate groups remain, the products are insoluble 
in water, but dissolve in such organic solvents as aromatic hydrocarbons 
and aliphatic esters. Where hydrolysis is carried further, so that the 
residual acetate radicals are reduced to about 35 per cent of the original 
number, solubility in organic solvents disappears, while the product 
dissolves in cold water, but precipitates on heating. When the residual 
acetate groups are still further reduced to 20 per cent of those originally 
present, the resin is soluble in both hot and cold water. Figure 152 
typifies viscosity -temperature relations in aqueous solutions of this grade 
of polyvinyl alcohol. 

Where hydrolysis is carried as far toward completion as possible, so 
that only 6 per cent or less of the original acetate groups remain, the 
resultant pols^vinyl alcohol— oddly enough — only swells in cold water, 
but dissolves on heating. 
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Modified polyvinyl acetates of the type first described, wherein hy- 
drolysis is only 15 to 30 per cent complete, are available under the trade- 
mark, “Vinylseal,” in toluene and methyl acetate solutions. These ad- 
hesives possess superior shock resistance and yield excellent bonds with 
non-porous surfaces. They are especially serviceable in uniting metal 



Courtesy E. /. du Pont de Nemours & Co.t R. < 5 * N, Chemicals DeptA^ 

Figure 152. Viscosity-temperature relation of an approxi- 
mately 10 per cent aqueous solution of medium viscosity 
polyvinyl alcohol. 

laminates, such as cores of small electric motors. Heat and moderate 
pressure should be used during bondipg. They are also recommended for 
bonding glass and various plastics, including ureas, and phenolics which 
usually present notoriously diflicult cementing problems. 

Resinous materials commonly called polyvinyl alcohol are more ex- 
tensively hydrolyzed. In commercial products, depending on solubility 
type, from 66 to 96+ per cent of the acetate groups are removed. Under 
the trade names “Solvar” and “Elvanol” — formerly “PVA” — ^they are 
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manufactured in low, medium, and high viscosities and in various degrees 
of hydrolysis. 

A portion of the structure of a polyvinyl alcohol in which all of the 
original acetate groups have been hydrolyzed may be represented as 
follows: 

CH2— ch(oh)--<:h2--ch(oh)--<:h2---ch(^^ 

Properties. The outstanding property of commercial grades of poly- 
vinyl alcohol is their water-solubility. They are also soluble in dilute 
aqueous salt solutions. 

There is a critical concentration, characteristic for each salt, above 
which polyvinyl alcohol will not dissolve therein, as shown by Table 57. 

Table 57. Minimum Concentrations of Salt Solutions in Which 
Polyvinyl Alcohol Is Insoluble 


Salt 

Cone, of Salt Solutions at Which 
RH-391 Will Not Dissolve 

NaCl 

% 

20.0 

Na 2 S 04 

3.0 

KCl 

20.0 

K 2 SO 4 

4.0 

NaaCOj 

2.0 

Al 2 (S 04 ). • I 8 H 2 O 

10.0 

Na,P04 • I 2 H 2 O 

4.0 

K2Al2(S04) • 24H*0 

7.0 

(NH4)2S04 

4.0 

ZnSOi • 7 H 2 O 

6.0 

Na2SiO, • 9H,0 

7.0 

NaHCO, 

10.0 

(NH4)H2P04 

7.0 

(NH4)2HP04 

5.0 

NaaSjO, • 5H2O 

7.0 

Na2SOi 

3.0 


Aqueous solutions of polyvinyl alcohols resemble starch solutions in 
many of their properties, but they are not attacked by bacteria and 
are seldom subject to fungus growth. Like starch, also, these polymers 
give a purple color with iodine. Polyhydric alcohols, acid amides, and 
analogous compounds dissolve or swell polyvinyl alcohols which can 
therefore be plasticized with high-boiling compounds of these categories. 

As striking as the water solubility of polyvinyl alcohols is their 
resistance to most organic liquids. They are completely unaffected by 
oils, fats, or greases. They are highly resistant to hydrocarbons and 
to most organic solvents of the ester, ether, alcohol, and chlorinated 
hydrocarbon classes, as well as carbon disulfide. Their films possess 
neither taste nor odor. They are tough and highly impermeable to most 
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Polyvinyl alcohols can be re-acetylated by heating with acetic an- 
hydride and pyridine. They can also be esterified with other acids, acid 
chlorides, and anhydrides. By reaction with dicarboxylic acids or their 
derivatives, they can be rendered water-insoluble. Heat-treatment also 
reduces their solubility in water, as does reaction with formaldehyde or 
with copper and zinc ammonia complexes. Treatment with dichromates 
followed by exposure to light decreases water-solubility, a property of 
commercial utility. 

Polyvinyl alcohols can be vulcanized by heating with sulfur to yield 
products somewhat resembling either soft or hard rubber in physical 
appearance, depending upon conditions. This process has not yet become 
of any practical significance. 

Uses. Polyvinyl alcohol is used as a size for nylon, an application of 
considerable importance. It is recommended for use by the paper in- 
dustry in the application of pigmented coatings, as an impregnant to 
increase wet strength, as a grease-proof coating material, and as a 
softener in the manufacture of glassine paper. 

Other uses have been developed for polyvinyl alcohols as adhesives, 
pigment binders, and dispersing agents. Where either heat-sealability or 
emulsifying properties are desired, an alcohol containing from 20 to 35 
per cent unhydrolyzed acetate groups is much superior to the completely 
hydrolyzed grade. 

Protective films of polyvinyl alcohol, easily removed by washing in 
water, can be applied to electroplated surfaces and other highly polished 
metal areas. Impermeability to hydrogen sulfide makes the deposition 
of such transparent films a ])racticable method of preventing the tarnish- 
ing of store displays of copper and silverware. 

Light-sensitive coatings consisting of mixtures of polyvinyl alcohol 
and dichromates can be applied to grained zinc plates and used in 
photolithic printing. 

Compounded with suitable plasticizers, polyvinyl alcohol is fabricated 
into a variety of forms under the trade names ^^Resistoflex** and *^Com- 
par.” It is extnided as seamless, flexible tubing, either plain or reinforced 
with braided fabric or wire. To prevent external softening by moisture 
it is available in neoprene-coated form. Such tubing is recommended 
for handling oils and greases, hydrocarbons, and chlorinated hydrocarbon 
solvents. It is used in hose for paint spray guns and in refrigeration units 
which operate with any anhydrous refrigerant except ammonia, by which 
it is attacked. Because of the water solubility of polyvinyl alcohol, these 
products are entirely unsatisfactory for handling water and aqueous 
solutions. 

Greaseproof, but not waterproof, industrial gloves and work aprons, 
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sheeting for gaskets and diaphragms, and miscellaneous molded shapes 
of ^^Resistoflex” are also available. Tensile strength of molded compounds 
is less than half that of extruded materials which averages about 6000 
pounds per square inch. 

Polyvinyl alcohol is inherently more expensive than polyvinyl acetate 
because it is derived from the latter material, about half the weight of 
which is lost as acetic acid upon hydrolysis. 


Polyvinyl Acetals 

Polyvinyl acetate can be converted to polyvinyl acetals by intermediate 
transformation to the alcohol and subsequent reaction with any desired 
aldehyde. Because of the l,3-relation8hip of the hydroxyl groups, cyclic 
acetals appear to be the primarv reaction product, as in the case of simple 

yH 

1,3-glycols. If the aldehyde is designated as R — , and other 

types of acetals which probably form to a minimum extent are over- 
looked, the corresponding resin possesses the following formula: 


— CH--CH2---CH— CHr--CH-~CH2---CH---CH2 — 


V 


\) 

\ / 

c 

H R 


Acetals can also be produced from polyvinyl acetate directly by re- 
action with an aldehyde in 95 per cent ethanol, for example. If desired, 
a simple polymer like paraldehyde can be used instead of the aldehyde 
itself. Reaction is brought about by means of a catalyst favoring acetal 
formation, such as concentrated hydrochloric acid, calcium chloride, or 
zinc chloride. Incorporation of such stabilizers as p-ter-amylphenol dur- 
ing acetalation improves the resistance of the product to thermal dis- 
coloration. 

However acetalation is carried out, the products are only partial 
acetals because the acetate radicals of polyvinyl acetate cannot be 
removed completely by either type of reaction. The degree of acetalation 
can be controlled in both instances, so that partial acetals having various 
ratios of acetate, hydroxyl, and acetal groups are obtainable. The prop- 
erties of the products vary not only with the nature of the aldehyde and 
the molecular weight of the resin, but also with the degree of acetalation. 
In general, viscosity, insolubility, and strength characteristics increase 
with increasing molecular weight of the polyvinyl acetate used and with 
the degree of acetalation. 
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Polyvinyl Formal. Polyvinyl formal, produced by reaction of poly- 
vinyl acetate with formaldehyde, is available from Shawinigan Products 
Corporation under the trade-mark, “Formvar.’’ The grade is designated 
by a double number; the first one representing the viscosity of the original 
polyvinyl acetate from which it was made, the second one corresponding 
to the degree of acetalation. Although several grades have been made 
experimentally, ^Tormvar 15-95/’ E resin, is the only one available at 
present. It is priced at about 75 cents per pound in carload lots. Typical 
properties of this product in molded form are given in Table 58. 

Table 58. Properties of “Formvar 15-95"' E Type* 

Physical properties: 


Color 

light straw 

Density 

1.23 (20726'’) 

Refractive index 

1.60 (nD^) 

Specific volume 

22.6 cu in/lb 

Working properties: 

General type 

thermoplastic 

Molding qualities 

must be compounded 

Molding conditions 

150-170® at 2000-3500 Ib/sq in 

Tendency to cold flow 

none 

Extruding qualities 

must be compounded 

Thermal properties: 

Burning rate 

burns slowly 

Effect of heat 

stable to 150® 

Softening point 

about 190® 

Thermal conductivity 

37 X lO”*^ cal/sec/cmV°C/cm 

Thermal expansion 

7.7 X 10-V"C 

Heat distortion 

100-125® 

Mechanical properties: 

Tensile strength 

10 X 10* Ibs/sq in 

Electrical properties: 

Breakdown voltage at 30® 

1200 v/m 

Dielectric constant at 30® 

3.7 

Power factor at 30® 

0.007 

Physical chemical properties: 

Effect of sunlight 

very slight 

Effect of ultraviolet 

very slight 

Effect of aging at room temp. 

very slight 

Water absorption A.S.T.M., 48 hrs 

1.3% 

Abrasion 

700-800 (Schuh abrasiometer) 


* Manufacturers" data. Shawinigan Products Corp. 


“Formvar” is soluble in dioxane, ethylene dichloride, 60/40 toluene- 
alcohol mixture, and in various ketones, chlorinated hydrocarbons, and 
amines. It is insoluble in alcohols, ethers, and both aliphatic and aromatic 
hydrocarbons. It is compatible with certain phenolic resins, chlorinated 
biphenyls and naphthalenes, cellulose nitrate, and toluene sulfonamide- 
formaldehyde condensation products. It is incompatible with most other 
resins. 
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The most important application of polyvinyl formal to date has been 
in approximately 1:2 combination with phenolic resins in electrical 
insulation for magnet wire. Because of the high viscosity of solutions 
of this resin, wire cannot be economically coated with it by conventional 
methods. Use of a floating die maintained concentric with the wire by 
the wire itself has therefore been developed for large-scale manufacture 
of ^Tormvar”-coated wire, sold under the trade name “Formex.^’ This 
lacquer is equally as good an insulator as the conventional alkyd coating 
of enameled wire. It is markedly superior in flexibility, extensibility, 
resistance to abrasion and mechanical abuse, and other toughness 
characteristics. “Formvar^-coated wire is therefore particularly well- 
suited to mechanical winding. ^Tormex^^ wires can be twisted together 
tightly and handled on modern high speed winding machines without 
danger of injury to the coating. One objection encountered with ^Tormex” 
wire, but not met in enameled coatings is to be found in the fact that 
strains are introduced into the resinous coating by bending. Upon subse- 
quent immersion in a liquid, such as high flash naphtha, these strains 
result in immediate formation of cracks. This difficulty can be overcome 
to a considerable degree by relieving the strains through suitable heat- 
treatment, a process physically comparable to the annealing of glass 
although it is, of course, carried out at much lower temperatures — in the 
order of 100°. 

Because of the transparency of polyvinyl formal films, “Forrnex” 
magnet wire possesses the color characteristic of copper itself and can 
be distinguished from enameled wire by this means. 

“Formvar^’ has also been used in laminating and coating wooden 
propellers for aircraft. It is noteworthy that this resin is the only 
thermoplastic which has been found satisfactory for this purpose. An- 
other important military application has been as the inner gasoline- 
resistant liner of bullet-proof tanks for airplanes. Both of these uses 
have been developed in England. A number of other military applications 
of the resin have also been made. 

Polyvinyl Acetal. Polyvinyl acetal is produced commercially by 
Shawinigan Chemicals, Ltd., under the trade-mark ^ Alvar^^ in a variety of 
grades^ depending upon the viscosity of the initial acetate and the per- 
centage acetalation, as in the case of ‘Tormvar.*^ 

These resins are odorless and tasteless. Table 59 gives typical proper- 
ties of these products. 

Polyvinyl acetals are soluble in a wide range of alcohols, ketones, 
esters, and chlorinated hydrocarbons. They are insoluble in aliphatic and 
aromatic hydrocarbons and in vegetable oils. They are incompatible with 
cellulose acetate, ethyl cellulose, polystyrene, and chlorinated rubber. 
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Table 69. Physical Properties of Polyvinyl Acetals * 


Grade of “Alvar** 

Softening Point 

5-80 

158® 

7-70 

163® 

11-90 

195® 

15-70 

178® 

16-80 

186® 

Physical properties: 

Color 

light straw 

Specific gravity 

1.16 (20®/25®) 

liefractive index 

1.46nz>20 

Specific volume 

23.8 cu in/lb 

Thermal properties: 

Burning rate 

burns slowly 

Effect of heat 

stable to 150° 

Heat distortion 

75®-90® 

Softening pt 

135®-190° 

Specific heat 

0.29 cal/°C/g 

44 X 10~® cal/sec/cni2 '®C/cni 

Thermal conductivity 

Thermal expansion 

6.5 X 10-V°C 

Mechanical properties: 

Tensile strength 

6,000-9,000 Ib/sq in 

Electrical properties: 

Breakdown voltage at 30® 

950 v/m 

Dielectric constant at 30® 

2.8 

Power factor 

0.007 

Physical chemical properties: 

lOffect of sunlight 

slight 

Effect of ultraviolet 

slight 

Effect of aging at room temp. 

slight 

lOffect of water 

slight 

H 2 O absorption after 24 hr 

2% 

Acid number 

0.5-1 

Working properties: 

General type 

thermoplastic 

Molding qualities 

good 

Molding conditions 

Temperature 

125-150° 

Pressure 

500-2,000 Ib/sq in 

Extruding qualities 

good 

Hardness: 

Exceptionally hard and tough. 

Not scratched with an 8H pencil 

under 300 gram load. 

Abrasion results also very high. 

Schuh abrasiometer 500-650. 


* Manufacturers’ data. Shawinigan Products Corporation. 

but can be incorporated with most other synthetic resins either by milling 
or solution. 

Polyvinyl acetals have found limited applications in surface coatings 
for indoor use, especially in combination with nitrocellulose with which 
they are compatible in all proportions. They have been used in molding 
compounds, especially in shoe-heels, phonograph records, floor and roofing 
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tile, grinding wheels, and printing plates, although these applications 
have thus far been limited in volume. Some use has been made of ^^Alvar*' 
injection molding compounds in bottle closures and toilet articles, 
especially fine-toothed combs. These resins are tough, easy to mold, are 
unplasticized, and fill up fine detail in the mold with accuracy. 

Polyvinyl acetal, like the acetate, is used as a binder for wood flour in 
molded artificial wood carvings and signs. 

Polyvinyl Butyral. Like other polyvinyl acetals, the butyral can be 
manufactured either by reaction of butyraldehyde with polyvinyl alcohol, 
or by direct reaction of the aldehyde with polyvinyl acetate in the 



FiRurr 153. Roartion kottlr^ 
used in one of the steps in the 
manufacture of “Bufacilc ” 


Courtesy F. T du Pont 
de Nemours & Co. 


presence of a suitable catalyst. Inasmuch as the preferred form of this 
plastic for use as safety glass interlayer contains an aiipreciable propor- 
tion of free hydroxyl groups, reaction of polyvinyl alcohol with butyralde- 
hyde is the common commercial practice. Products are available on the 
market under the trade names “Vinylite” X, “Butacite,” “Butvar,” and 
“Saflex.” Where used in safety glass construction, this plastic is com- 
monly known as “Vinal.” 

Polyvinyl butyral resins were developed specifically for safety glass 
application because of their adhesive characteristics, their toughness, 
clarity, and extensibility where properly plasticized. Their molecules 
comprise not only butyral groupings, but also a small number of acetate 
groups, unavoidably present because complete hydrolysis of polyvinyl 
acetate cannot be accomplished, and a relatively large proportion of 
hydroxyl radicals which play a very important role in the development 
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of adhesion toward glass. The molecular weights of polyvinyl acetate 
from which the butyral is made lie within the range of 7,000 to 25,000 
and the degree of acetalation is from 65 to 85 per cent. Optimum prop- 
erties for safety glass manufacture are developed toward the upper 
limits of both of these regions. Commercial safety glass interlayer 
contains 78-80 per cent butyral groupings, 18-19 per cent hydroxyl 
radicals, and less than 2 per cent of acetate groups. The qualitative 


POLYVINYL 

ALCOHOL 



Figure 154. Influence of constitution on properties of polyvinyl acetal resins. 
(Arrows indicate directions of increase in solubility in common organic solvents, 
compatibility with ester plasticizers, water-resistance, etc.) The apparent contra- 
diction of the opposed arrows indicating solubility changes in the lower right-hand 
comer is explained by the existence of a zone of maximum solubility. (Randolph 


manner in which some of the properties of the butyral depend upon the 
presence of acetate and hydroxyl groups is indicated in Figure 164. 

This plastic is outstanding for its toughness and its resistance to 
shock, even at low temperatures. Polyvinyl butyral first appeared on 
the market in developmental lots in 1936. Within the brief span of four 
years, practically the total volume of other plastics formerly used in 
safety glass construction — cellulose derivatives and polymethyl acrylate 
— ^was displaced by this resin. Estimated production in 1940 was about 
seven million pounds. Other applications soon to be mentioned have 
since been developed. 
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Properties 

Typical physical properties of polyvinyl butyral resins are given in 
Table 60. 


Table 60. Properties of Polyvinyl Butyral Resins * 


Specific gravity, 20/20° 

Tensile strength, Ib/sq in 

Notched impact, ft lb per specimen (.5 X .5 bar .1 in notch) 
Modulus of rupture — Ib/sq in 
Heat distortion point (A.S.T.M.°) 

Water absorption — 16 hr at 60° (A.S.T.M.) 

Resistance to alkalies 
Resistance to acids 


1.11 

8100-8500 

0.44-0.60 

11,400 

57-68 

3—5% 

Moderately good 
Poor 


* Bakelite Corporation. The properties shown here are those of ‘^Vinylite” Resin 
XYSG. 


Although insoluble in water, these resins are hydrophilic because of 
their hydroxyl content. Because of this characteristic, they exhibit good 
adhesion toward glass which also is hydrophilic. For this reason, unlike 
older types of safety glass, vinal interlayer can be bonded directly to 
the glass sheets without the use of an intermediate adhesive. In general, 
hydrophilic surfaces should be bonded with hydrophilic resins in order 
to obtain optimum adhesion. The production of a water-resistant bond 
is contingent upon a careful balance between hydrophilic properties and 
water insolubility. Fragments of windshields broken by collision remain 
attached to the interlayer, rather than breaking loose to present a danger- 
ous hazard. 

Because of the great extensibility of properly plasticized polyvinyl 
butyral sheeting, when breakage of safety glass made from it does occur, 
the glass cracks into small sections which adhere to the interlayer and 
the whole broken panel is distended, thus absorbing the energy from the 
blow gradually. This is an important property in preventing injury to 
head or shoulders which may be thrown against a windshield by collision. 

Because of the adhesion and water-insolubility of this plastic, coupled 
with the non-volatile character of the plasticizers employed, it is un- 
necessary to seal the edges of safety glass built therewith. Manufactur- 
ing costs are thus reduced and fabricated sheets can also be readily cut 
to shape on the job by first breaking each pane of glass, then cutting the 
interlayer with a razor edge. 

For the development of extensibility and flexibility, polyvinyl butyral 
is always plasticized. The best plasticizers are purely aliphatic in 
nature. Triglycol 2-ethyl butyrate (“FlexoP’ 3GH), triglycol 2-ethyl 
hexoate (^TlexoF^ 3GO), and dibutyl sebacate are particularly valuable 
and are used in the ratio of some 30 parts of plasticizer to 70 parts of 
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resin, by weight. Table 61 shows typical properties of plasticized poly- 
vinyl butyral sheeting. 


Table 61. Properties of ‘‘Vinylite*' Highly Plasticized Resin Sheeting * 


Properties 
Specific gravity 
Specific volume, cu in/lb 
Water absorption, % in 24 hr at 25° 
Tensile strength, Ib/sq in 
Elongation, % 

Flammability 
p]ffect of age 
Effect of sunlight 


Series X Sheet t 
1.11-1.12 
24.8-25.0 

3.0- 6.0 

3.000- 3,500 
250-275 
slow-burning 
none 

none 


* Bakelite Corporation. 

t Safety glass interlayer stock (XU-1315 natural). 


Uses 

Plasticized polyvinyl butyral sheeting is vastly superior to the older 
types of plastics used in safety glass, namely: cellulose nitrate, cellulose 
acetate, and polymethyl acrylate. It is some ten times as resistant to 
rupture at —10° F and four times as resistant at 70° F as are equivalent 
thicknesses of other types of safety glass. Its superiority is shown 
graphically in Figure 157 ; one of its most outstanding merits, therefore, 
is a very substantial increase in safety of driving during cold weather. 

Safety glass sheeting is made either by calendering or by extruding 
as a thick solution, evaporating the solvent subsequently. Laminated 
glass itself is made from plastic sheeting by inserting the latter between 
two carefully cleaned glass plates and bonding under heat and pressure 
to eliminate air pockets and consummate adhesion. This operation is 
usually carried out under pressure in an autoclave. 

Safety glass interlayer is now produced in a standard 0.015 inch thick- 
ness. Heavier sheeting is available for use in laminated glass for sub- 
stratosphere aircraft. Such glass is made from sheeting which protrudes 
beyond the edges of the glass panes and which, sometimes built up to 
greater thickness by supplementary layers of plastic around the outer 
edges of the glass, provides a means of effecting an hermetic seal of 
aircraft cabins without introducing strains that might lead to fracture 
of the glass. Pressure-tight laminated glass of this kind is available 
under the trade name ^^Flexseal.” 

A most important innovation in this field has been the development 
of ^'Metal Insert Flexseal,^' in which a continuous light metal strip, 
approximately 1/32 inch in thickness, is incorporated in the layer of 
polyvinyl butyral plastic, thus providing greater edge rigidity, especially 
at elevated temperatures. By rounding the glass comers and omitting the 
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Courtesy E* L du Pont de Nemours dr Co. 

Figure 155. Continuous ‘‘Butacite” sheeting passing through an air 
cooling process. 



Courusy Monsanto Chemical Co* 

Figure 156. Winding continuous length pol 3 ^inyl butyral film. 
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metal around them, rigidity is lessened, resulting in elimination of comer 
breakage. A still further marked improvement of this unit has been 
evolved in “Slotted Metal Insert Flexseal,” wherein metal edging of 
the discontinuous type is slotted in order to provide a series of discon- 



tinuous tabs which can be flexed inward or outward, quite independently 
of each other. This constmction has provided ideal strength in a mount- 
ing which is resistant to shear and hermetically sealed. The construction 
of these varieties of “Flexseal” is shown in Figure 168. 




Figure 158. Various constructions of “Flexseal.’ 
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Other kinds of ^TlexseaF^ resistant to tensile as well as shear strains 
have also been evolved. 

Another development of great military significance in the field of 
aircraft enclosures has been the introduction of laminates consisting of 
two sheets of polymethyl methacrylate united by means of a polyvinyl 
butyral interlayer. This assembly yields bird-resisting characteristics, 
a matter of prime importance in bombers and other military craft. While 
the relative thickness of methacrylate sheets and butyral sheeting can 
obviously be varied over a wide range, that used in heavy bombers may 
consist of 0.150 inch methacrylate sheets laminated with 0.200 inch 
polyvinyl butyral interlayer. 

In contrast to glass laminates manufactured with vinal sheeting, those 
made from polymethyl methacrylate sheets require the use of an adhesive. 
Development of a satisfactory bond proved to be one of the major 
problems, but it has been solved. The sandwich construction is first built 
up and united in flat sheet form, then blown or drawn. The adhesive 
employed must be such as to preclude any crazing which might occur 
during the forming of such an assembly and must also be free from sub- 
sequent blistering upon exposure to tropical heat. The successful solution 
of these difficult problems, together with the adaptation of the soft 
vinal plastic edge of ^TlexseaV’ and the discontinuous slotted metal insert 
to this all-plastic unit, was an outstanding contribution of the Pittsburgh 
Plate Glass Company to military planes of World AVar II. 

It is interesting to note that the lamination of thick methacrylate 
sheets to glass by means of polyvinyl butyral sheeting is not feasible be- 
cause of the fact that, in cooling from the temperature of bonding, the 
rigid plastic sheet contracts far more than the glass, resulting in marked 
bending and ultimate breakage of the glass portion of the assembly. 

Double-glazed windows are constructed from two panes of glass with 
an air space between them to reduce condensation where atmospheric 
conditions differ on the two sides of the glazing. Certain types, espe- 
cially for aircraft use, are built with polyvinyl butyral resin spacers 
to separate and seal the edges of the glass sheets, provided with breathers 
introduced by means of nuts imbedded in polyvinyl butyral inserts. 

Polyvinyl butyral resins have also proved useful in other forms. 
They are available as clear, transparent unplasticized sheets for special 
packaging requirements where extreme shock resistance is essential as 
in fishermen's bait boxes, and for other articles exposed to weather. 
Mechanical properties correspond to those given in Table 60. Such 
sheets, available under the trade-mark ^Winylite-X" in thicknesses from 
0.005 to 0.030 inch and over, can be easily bent and formed by heating. 

After automobile manufacture stopped, following Pearl Harbor, and 
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the demand for safety glass interlayer ceased, polyvinyl butyral was 
compounded with various fillers and plasticizers and introduced as flexible 
extruded tubing in place of rubber, where its ‘^dead^^ character would 
permit. A few applications were scarcely developed, however, when it 
was found that this plastic could be used for coating fabric to yield an 
excellent substitute for rubberized goods. Army raincoats, water bags, 
life saver jackets, and pontoon bridge floats were a few of the most 
important military applications to which textiles proofed with polyvinyl 
butyral resins have been put. The value of these coatings was greatly 
increased by the development of means of converting the resin to cross- 
linked ^Vulcanized’^ products by admixture with certain phenolic, alkyd, 
or urea resins, or with other products such as diallyl phthalate or organic 
isocyanates, followed \fy heating. 

So-called tliermosetting or insolubilized grades of polyvinyl butyral 
are now available from all manufacturers of this resin. Where compounded 
with pigments and plasticizers and formulated with suitable solvents, 
they can Ije applied to cloth with ordinar\^ spreading or calendering 
machines. Upon evaporation of solvent and heat-treatment at tem- 
peratures in the order of 135°, such resinous coatings become tough, 
resilient, and insoluble in alcohol, acetone, and water. 

Low temperature characteristics of insolubilized polyvinyl butyral are 
I)oor, the material being stiff even at 0°. At elevated temperatures, its 
flexibility is comiiarable to that of plasticized polyvinyl chloride and 
copolymer vinyl chloride-acetate. 

It has already been shown in Figure 144 that abrasion properties of 
plasticized polyvinyl butyral are much less satisfactory than those of 
vinyl copolymer resins. Flexibility at low temperature is also much less 
satisfactory. Unlike copolymer resins, loading of plasticized butyral 
resins with certain fillers, such as ‘‘Calcene,^^ appears to result in re- 
inforcement of strength characteristics, especially insofar as flex fatigue 
is concerned. 

Polyvinyl butyral is also utilized in wood primers and in adhesives for 
application to wood and other surfaces. 
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Chapter 15 

Polyvinylidene Chloride 


History 

Although its industrial application is recent, monomeric vinylidene 
chloride, like many chemicals utilized as intermediates in the manu- 
facture of the newer plastics, has been known for years. It was first 
formed in the laboratory of the French Chemist, Regnault, in 1838. 
Occasional observations concerning its ability to polymerize were re- 
corded during the first thirty years of this century, but not until the 
Dow Chemical Company undertook its investigation during the 1930’s 
were the commercial implications of its reactivity surmised. From 1938 
onward there has appeared an imposing list of patents relating to the 
production and utilization of polymers of vinylidene chloride and early 
in 1940 they were introduced on a commercial scale under the name 
'‘Saran.’^ 

Chemistry 

Cracked petroleum gases and brine serve as raw materials for the 
manufacture of vinylidene chloride. Ethylene is first converted into 
1,1,2-trichloroethane by reaction with chlorine at about 60° in the presence 
of a metalloid or metallic catalyst such as antimony, iron, copper, or 
manganese. The same intermediate may also be made by addition of 
chlorine to vinyl chloride. The product is then treated with slaked 
lime or otherwise dehydro-halogenated, whereupon vinylidene chloride 
results. The reactions are as follows: 

(1) H 2 OCH 2 + CI 2 H 2 CIC— CHCla 

Catalyst 

hk:!1c— CH a. >- h,c=cci, 

Ca(OH)t 

In view of recent achievements attained in the production of such 
unsaturated haKdes as allyl chloride by direct high-temperature chlorina- 
tion of the corresponding olefin, it would appear probable that vinylidene 
chloride could be obtained under suitable conditions by direct chlorina- 
tion of ethylene. 

The polymerization of vinylid«ne chloride is readily brought about by 
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numerous catalysts, especially peroxides. Linear thermoplastic com- 
pounds are produced with evolution of approximately 20,000 gram-calories 
per mole of monomer. A section of a molecule of polyvinylidene chloride 
can be represented as follows: 

• • • — CH 2 — CCI 2 — CH 2 — CCI 2 — CH 2 — CCI 2 — CH 2 — CCI 2 — CH 2 — CCI 2 — • • • 

From an industrial point of view, however, the most useful polymers 
are not produced from vinylidene chloride alone. They are rather co- 
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Figure 159. Relation between polymer and monomer composition 
where vinyl chloride and vinylidene chloride are copolymerized. (Cat- 
alyst: 0.50 per cent benzoyl peroxide; temperature: 45°; dark; ap- 
proximately 50 per cent polymerization.) Since the polymer contains 
more vinylidene chloride than the monomer, the vinyl chloride concen- 
tration in the monomer increases as polymerization progresses; conse- 
quently, the product of such a polymerization contains a wide distribu- 
tion of copolymer compositions in addition to the distribution of chain 
lengths. ( Reinhardt ) 

polymers of vinylidene chloride with other unsaturated compounds 
among which the most interesting is vinyl chloride. By suitable selection 
of the chemical nature and ratio of monomers and by control of the 
conditions of polymerization, it is possible to obtain a wide variety of 
copolymers based on vinylidene chloride as the essential unit structure. 

The original ratio of monomers does not remain constant during 
copolymerization of vinylidene chloride and vinyl chloride. This fact is 
illustrated by Figure 159. If, for example, these two compounds are 
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initially present in the ratio of 90 to 10 respectively, after reaction has 
proceeded to the extent of 80-90 per cent completion, the corresponding 
ratio of monomer units in the final polymer is in the order of 95 to 5. 

Moreover, the rate of copolymerization, as shown by Figure 160, is 
usually less than the rate of polymerization of either monomer alone. 



MONOMER COMPOSITION AS WEIGHT PER CENT OF VINYL CHLORIDE 

Figure 160. Copolymerization rate of vinylidene chloride and vinyl chloride 
a.s a function of monomer composition. (Catalyst: 0.50 per cent benzoyl per- 
oxide; temperatiire; 45°; dark.) (Reinhardt 

The relationships between rate of copolymerization, temperature, and 
catalyst concentration are brought out in Figure 161. 

Softening points of copolymers ranging from 70° to over 180° can be 
obtained. The softening range of polyvinylidene chloride itself is 185- 
200°. Consistency may be varied from soft, flexible products to hard and 
rigid materials. Those commercial products which arc at present avail- 
able under the name “Saran” are copolymers of vinylidene chloride and 
vinyl chloride containing at least 85 per cent of the former; within the 
limits of 85 and 100 per cent of vinylidene chloride, insolubility in organic 
liquids and resistance to chemical attack remain practically constant. 
They are reported to possess molecular weights in the order of 20,000. 
Their softening points range between 120 and 140°. Goodrich’s “Geon” 
200 series of resins comprise vinyl chloride in preponderance. 

Decomposition of polymers and copolymers of vinylidene chloride, with 
evolution of hydrogen chloride, is catalyzed by iron and copper at temper- 
atures above 130*. 

Polyvinylidene chloride shows a greater degree of crystallinity than 
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mcM3t other thermoplastics, although this property is less conspicuous in 
copolymers than in pure polymers and decreases with decreasing vinyli- 
dene chloride content. Both polymers and high vinylidene chloride 
copolymers possess unusually narrow softening ranges. If heated above 
this range they become amorphous. If they are then cooled quickly they 



Figure 181. Copolymerization rate of vinylidene chlo- 
ride and vinyl acetate as a fimction of polymerization 
temperature and catalyst concentration. (Monomer com- 
position : 85 per cent vinylidene chloride, 15 per cent vinyl 
, acetate; dark.) (Reinhardt*^) 

remain in the amorphous state, which, on standing at room temperature, 
gradually changes to a pseudo-crystalline condition. The rate of this 
crystallization depends on the temperature and on whether or not the 
solid polymer is cold worked. The time required for crystallization 
varies from a few seconds to several weeks. The relations between 
temperature and induction period before crystallization begins and 
between temperature and time required for crystallization are shown in 
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Figures 162 and 163. While the crystalline character of polyvinylidene 
chloride is not sufficiently well developed to be visible to the naked eye 
or even under the microscope, yet it is apparent from the x-ray diffraction 
pattern. Figure 164 shows the x-ray pattern for amorphous “Saran” which 



Figure 162. Typical crystallisation induction tieriod curves 
for a normally crystalline vinylidene chloride-vinyl chloride 
copolymer, (Specimen thiclcness: 0.050 inch.) (.Bern- 
hardt 

is in marked contrast to the ring-like diffraction pattern of Figure 165, 
characteristic of the crystalline state. By suitable mechanical working 
such as cold-stretching, the amorphous material can be converted into 
an oriented crystalline state which gives rise to the lattice x-ray diffraction 
pattern of Figure 166. 
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The line of demarcation between crystalline and amorphous states 
of polyvinylidene chloride in a single segment of extruded and properly 
worked material is clearly visible under polarised light, as shown in 
Figure 167. 



Figure 166. X-ray diffraction pattern 
of oriented crystalline “Saran.” 


Courtesy The Dow Chemical Co. 



imorionted oriented 

cryntalliiu* ^ crystalline 

Courtesy The Dow Chemical Co. 

Figure 167. Cross-^Tolaroid” picture of physical states of 
“Saran/’ 


Extruded Shapes 

Manufacture. The most important current applications of poly- 
vinylene chloride are in extruded forms. Either powder or granules may 
be fed into the hopper of a screw-type extrusion machine. The former is 
favored inasmuch as a milling operation is thus avoided and the bulk 
factor is of little importance. The powder consists of polymer, plasticizer, 
and coloring pigments which have been thoroughly admixed in a ball 
mill. 

Because of the fact that the thermal decomposition of Saran is catalyzed 
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by iron and copper, it is essential to select tlie materials of construction 
of the extrusion machine so that neither these metals nor their alloys 
will contact the plastic at points where the temperature is above 130°. 
Magnesium alloys, nickel, Z nickel, Hastelloy B, Stellite 10, and im- 
pervious nickel plate are recommended. 

Satisfactory extrusion of “Saran” can be carried out only in the amor- 
phous state. If heated above its softening range, it acquires a con- 



Courtesy The Dow Chemical Co, 


Figure 168. A comer of the Dow ‘‘Saran” Development Laboratory. In this 
laboratory studies have been made of the production of “Saran” pipe, tubing, and 
cordage. 

sitlerable degree of fluidity and can be readily extruded without retention 
of elastic memory. The extruded product, on cooling, is still largely 
amorphous. It slowly undergoes recrystallization which is accompanied 
by marked increase in strength and hardness and a slight increase in 
density. Controlled heat treatment to bring about recrystallization is 
often carried out on extruded “Saran.” 

Where extruded shapes are sufficiently simple and small in cross-section, 
especially in the case of monofilaments, it is possible to effect a certain 
degree of orientation. Tensile strength can thus be greatly increased 
beyond that shown by unoriented, recrystallized “Saran.” Orientation is 
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usually brought about by cold-stretching, preferably at room temperature. 
This mechanical working simultaneously crystallizes and orients the 
plastic, although heat-treatment may be resorted to in order to facilitate 
crystallization. 

The relationship between extent of stretching and increase of tensile 
strength of ^^Saran^’ monofilaments is shown in Figure 169. 

While the greatest increase in strength characteristics of extruded 
polyvinylidene chloride is brought about by unidirectional cold-stretching 



of monofilaments, control of transverse properties can also be effected for 
certain shapes by such operations as calendering of tapes, rolling of 
tubes into oval shapes, blowing of closed forms, and multi-directional 
stretching of sheet material. 

Properties. The most outstanding property of polyvinylidene chloride 
is its resistance to acids and organic solvents. Except for strong sulfuric 
acid in which it discolors, '^Saran^' is affected by neither dilute nor concen- 
trated acids. It is resistant to dilute alkalies. It is discolored by strong 
caustic and attacked by concentrated ammonium hydroxide. It is highly 
resistant to water absorption at room temperature. It is unattacked by 
most organic solvents; important exceptions are ethers like ethyl ether 
and dioxane, certain chlorinated solvents like ethylene dichloride, and 
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ethyl gasoline. The resistance of ^^Saran'^ to various chemicals at room 
temperature is shown in Table 62. 

Table 62. Chemical Resistance of *‘Saran*' at Room Temperature 
after Three Months of Continuous Exposure “ 


Reagent 

Stability Rating 

98% H 2 SO 4 

Good 

60% H 2 SO 4 

Excellent 

30% H 2 SO 4 

Excellent 

10% H 2 SO 4 

Excellent 

35% HCl 

Excellent 

10% HCl 

Excellent 

65% HNO, 

Excellent 

10% HNOs 

Excellent 

Glacial acetic acid 

Excellent 

10% Acetic acid 

Excellent 

5% HaSOs 

Excellent 

Oleic acid 

pjxcellent 

50% NaOH 

Fair 

10% NaOH 

Good 

28% NHs (aqueous) 

Unsuitable 

10% NHs (aqueous) 

Poor 

Ethyl alcohol 

Excellent 

Ethyl acetate 

Fair 

Acetone 

Fair 

Methyl isobutyl ketone 

Fair 

Carbon tetracWoride 

Good 

Ethylene dichloridc 

Poor 

Diethyl ether 

Poor 

Dioxane 

Unsuitable 

o-Dichlorobenzene 

Fair 

Ethyl gasoline 

Poor 

Turpentine 

Excellent 

Butyraldehyde 

Excellent 

Triethanolamine 

Excellent 

Lubricating oil 

Excellent 

Linseed oil 

Excellent 

Bromine water 

Unsuitable 

Chlorine water 

Unsuitable 

Bleaching solution 

Excellent 

10% Duponol 

Excellent 

10% Zinc hydrosulfite 

Excellent 

15% CaCh 

Excellent 

15% FeS04 

Good 

Water 

Excellent 

Air 

Excellent 


* These stability ratings are made on the basis of observations of change in appear- 
ance^ weight, dimensions, tensile strength and hardness. 

Unpigmented ‘^Saran^’ exhibits a cloudy yellowish-green color. In thin 
oriented filaments it is transparent, although still slightly yellow. The 
color can be masked by certain dyes so that other transparent shades are 
available in the case of extruded filaments and rattan. The natural color 
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Table 63. Properties of Polyvinylidene Chloride (‘‘Saran”)’* 


Property 

Extrusion Temperature 
Injection Molding Temperature 
Injection Molding Pressure 
Compression Molding Temperature 
Compression Molding Pressme 
Mold Shrinkage (Injection Molded) 
Specific Gravity 
Refractive Index dd 
T ensile Strength, Ultimate 
Elongation at Yield Point 
Modulus of Elasticity, Tension 
Flexural Strength 

Compressive Strength at Yield Point 
Inmact Strength, X Notclied 
Bar, Izod 

Thermal Conductivity 


Unoriented Forma 

Up to 876** F 
300-400® F 

10.000- 30,000 lbs/in» 
250-350® F 
500-5,000 Ibs/in* 
0.003-.012 in/in 
1.68-1.75 
1.60-1.63 

3.000- 8,000 Ibs/in * 

1 

0.7-2.0\ 10‘ Ibe/in* 

8.000- 16,000 lbs/in» 

76.000- 85,000 lbs/in> 

2-8 ft Ibs/in 
2.2 X 10“* cal/sec/ 


Oriented Forma 

Up to 376® F 


L68-1.75 

1.60-1.63 

15,000-40,000 Ibs/in* 
20-30% 

0.7-2.0 X 105 Ibs/in* 
Flexible 


2.2 X 10~^ cal/sec/ 


^ecific Heat 

Thermal Expansion 

cm*/® C/cm 

cm*/® C/cm 

0.32 cal/® C/gm 

0.32 cal/® C/gm 

15.8 X 10“®/® C 

Resistance to Heat (Continuous) 

170® F, approximately 

170® F, approximately 
Shrinks above 170® F 

Resistance to Heat (Intermittent) 

212® F 

Softening Point 

240-280® F 

240-280® F 

Distortion Point 

Volume Resistivity 

150-180® F 


(50% Relative Humidity and 25°) 
Breakdown Voltage, 60 Cycles, in- 
stantaneous. 

10*®-! 0*® ohm-cms 


0.125" thickness 

500 volta/mil 


0.020" thickness 

1500 volts/mil 


0.001" thickness 

Dielectric Constant 60, 10* and 10® 

3000 volts/mil 


Cycles 

3-5 

3-5 

Power Factor 60, 10* and 10® Cycles 

o.oa-.i5 

0.03-.15 

Water Absorption, ASTM, D570-40T 

Less than 0.1 % 

Less than 0.1 % 

Burning Rate 

Self Extinguishing 

Self Extinguishing 

Effect of Age 

None 

None 

Effect of Sunlight 

Darkens Slightly 

Darkens Slightly 

Effect of Acids, Alkalies, Solvents 

None to Slight 

None, Slight 

Effect of Metal Inserts 

Inert 

Machining Qualities 

Welding Ability 

Good 


Unexcelled 


Clarity 

Translucent to Opaque 

Translucent to Opaque 

Color Possibilities 

Hardness: 

Extensive 

Extensive 

Rockwell Superficial 

Durometer A 

15Y, 65-95 


Above 95 


Rockwell M 

50-65 



The tensile strength as shown here covers a wide range in size and degree of orien- 
tation of the stretched products. 

(*> Ultimate elongation is greater than that shown here, but it is generally less sig- 
nificant. 

The modulus of elasticity figures listed here were computed from the stress-strain 
curve below the yield point. 

Oriented monofilaments retain more than 50% of their room temperature strength 
at 212® F, but unless restrained, they tend to shrink at temperatures or 170® F or above* 

* Manufacturers* data. The Dow Chemical Company. 
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can, of course, be covered in a variety of opaque grades by suitable pig- 
mentation. 

Polyvinylidene chloride is nonflammable, non-toxic, tasteless, and 
odorless of itself, although, by reason of its plasticizer content, a sweetish 
odor may be detected on heating or machining molded or extruded shapes. 

Like other thermoplastics, polyvinylidene chloride decreases in strength 
with increasing temperature. Oriented monofilaments fabricated into 
0.027 inch diameter cordage, for example, show a breaking strength of 
15,000 lbs per sq in at 120° as compared with over 40,000 lbs per sq 
in at room temperature. Safe working pressures for '^Saran^' tubing, in 
terms of temperature, are discussed on page 404. 

The physical properties of ^'Saran” can be varied widely by mechanical 
working. General characteristics of both oriented and unoriented forms 
are listed in Table 63. 

Applications. Although polyvinylidene chloride is a newcomer among 
plastics, it has already found important applications in many fields. 
Extruded rod is utilized in the fabrication of gaskets and valve seats. 
Extruded tubing is produced in diameters up to % iiich o.d., with wall 
thickness ranging from 0.015 to 0.062 inch. It has been extensively used 
in defense housing projects in place of copper. It has found use in control 
devices handling fluids at temperatures below 170°F, in lubricating oil 
and brine transfer systems, in chemical equipment, and electrical conduits. 
Refrigeration and air conditioning equipment have proved to be im- 
portant outlets for ‘‘Saran’^ tubing. Although ^Treon^^ can be handled by 
“Saran” at moderate temperatures, certain refrigerants, especially those 
wliich are chlorinated solvents, will affect it. Care must therefore be 
exercised and tests applied in each specific case. 

Bursting pressures of “Saran” tubing at 25° are listed in Table 64. 


Table 64. Bursting Pressures of “Saran” Tubing at 2o° 


O . D . 

WaU 

Bursting 

F’ressure 

Working I'ressurf* 
Safety Factor — 5 
(Iba/sq m) 

(In) 

(in) 

(IbB/sq m) 

H 

.031 

1900 

380 


.031 

1250 

250 

H 

.031 

900 

180 

H 

.045 

1350 

270 

H 

.062 

1900 

380 


.031 

700 

120 


.062 

1700 

340 

Vb 

.031 

575 

115 

Vb 

.062 

1250 

250 

H 

.045 

630 

126 

14 

.062 

880 

176 


.045 

490 

98 

H 

.062 

700 

140 

H 

.045 

410 

82 

H 

.062 

575 

115 
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The relationship between temperature and working fiber stress of Saran 
tubing is given in Figure 170. By using the formula: 

Working fiber stress = Working pressure X fe 

(o.dO^* “ (i.d.)* 

where o.d. and i.d. are outside and inside diameters, the safe working 
pressure for tubing of any given dimensions can be readily calculated. 
Black ^^Saran^’ pipe is available in sizes from V 2 inch to 6 inches, I.P.S., 



Figure 170. Working fiber stress for “Saran” tubing versus temperature. Assumed 

safety factor. 5. 


and is utilized not only in general plumbing installations, but especially 
in chemical conduits and in other locations where corrosion-resistance 
is of prime importance. Bursting pressures for pipe of various sizes are 
given in Table 65. 


Table 65. Bursting Pressures of “Saran” Pipe 


Nominal 

Site 

O.D. 

l.D. 

Calculated Bulk 

Bursting 
PresBuro 
at 25® C 

Working 

PresBure 

(in) 

(in) 

(in) 

Obs/ft) 

(ft/lb) 

(psi) 

(p8i) 


.840 

.546 

.236 

4.23 

1300 

260 

% 

1.050 

.742 

.320 

3.12 

1060 

210 

1 

1.315 

.957 

.475 

2.12 

970 

190 

iJi 

1.660 

1.278 

.650 

1.550 

820 

160 

1)4 

1.900 

1.500 

.790 

1.270 

740 

150 

2 

2.375 

1.939 

1.090 

,920 

620 

125 

2)4 

2.875 

2.277 

1.805 

.554 

570 

115 

3 

3.500 

2.842 

2.486 

.403 

510 

105 

3J4 

4.000 

3.307 

3.010 

.332 

470 

95 

4 

4.500 

3.749 

3.760 

.266 

460 

90 
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Molded couplings are available for both tubing and pipe. Tubing can 
be readily flanged with heated tools. Pipe can be threaded with standard 
plumbers’ tools, either hand or power driven, although it may sometimes 
be found desirable to reinforce the center with a wooden plug while 
tapping in order to prevent the flexible plastic from partially collapsing 
under the die, thus giving rise to an incomplete thread. “Saran” pipe can, 



Courtesy The Dow Chemical Co, 


Figure. 171. Welding **Saran” sheet around *a chemical 
agitator by friction. A high speed rotating tool creates 
enough frictional heat between the ^‘Saran” rod and the 
sheet being welded to lay down a heavy bead. 

moreover, be butt-welded on the spot by softening the ends with heat 
and rapidly joining them. The joint is as strong as the rest of the pipe. 

'^Saran” pipe and tubing are recrystallized, but not oriented. Extruded 
and cold-stretched plastic, used in artificial rattan, is superior to the natu- 
ral product in its ease of cleaning, its resistance to soap and other cleaning 
fluids, its resistance to perspiration, and its availability in a wide range 
of colors. 

Cold-stretched Saran monofilament, in diameters of 0.007 to 0.100 inch, 
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is utilized in woven textiles for automobile and airplane upholstery, in 
draperies, ladies’ shoes, suitcases, fungi-resistant rope, fishing leaders, 
filter fabrics, and corrosion resistant, partially transparent screening. 
“Saran” screening has played a major role in the war effort. A large share 
of Saran production has been extruded into olive drab monofilament for 
this application. Life tests in the South Pacific have indicated that the 
product will outlast any metal screening available, and that it is not 
affected by fungus and will not bum. It has been used extensively in 
both screen type tent walls of temporary advanced bases and in more 
permanent housing facilities for officers and enlisted men. 

Other extruded shapes include chemical conveyor belts and tape for 
miscellaneous uses, such as die punching. 

Injection Molding and Miscellaneous Uses 

Although the most extensive applications of pol 3 rvinylidene chloride 
have thus far been in the field of extruded articles, injection molding is 
also carried out on a large scale and has been successfully applied to the 
manufacture of spray gun handles where solvent and abrasion resistance 
have made it an eminently desirable successor to aluminum. It has also 
been used in the production of innumerable other articles such as valve 
seats, acid dippers, rayon equipment, couplings for pipe and tubing, and 
even bugles. 

Injection molding machines, like extruders, should be equipped with 
metals which do not catalyze thermal decomposition at points contacting 
the plastic above 130®. Molds themselves may be made of the usual 
types of steel because they operate below this temperature ; this, of course, 
applies only to injection and not to compression molds which have to be 
heated to molding temperatures. The injection molding of polyvinylidene 
chloride is unique in that the mold should be maintained at a temperature 
ranging from 80 to 100® in order to facilitate recrystallization of the 
plastic article before its removal. “Saran” can be ejected from the hot 
mold without serious warpage. 

Polymeric vinylidene chloride, appropriately plasticized and stabilized, 
is also available in the form of film, known under the trade name “Saran” 
film. Type M. It is oriented and therefore strong. It is nonflammable, 
nearly colorless, and highly flexible. It exhibits extraordinarily low 
water absorption and water vapor transmissivity— characteristics which 
are relatively unaffected by repeated folding or creasing. It possesses 
excellent chemical resistance. Rates of transmissivity of helium, hydrogen, 
carbon dioxide, oxygen, and nitrogen range from not more than 0.70 to 
less than 0.01 1/sq m/24 hrs for 125 gauge film. Initial tear resistance 
is excellent, but — in common with other plastic membranes — it is low 



Figure 172. Packing of a pre- 
cision instrument in Saran film. 
This moisture barrier is used in 
conjunction with silica gel and 
will prevent rusting of precision 
parts. 



'thickhe^ in mils' 


Courtesy The Dow Chemical CoM 

Figure 173. Bursting strength of Saran film. Type M, 
at 77* F. versus thickness, 
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once a tear has been started. “Saran” film is produced in thicknesses of 
0.001 inch upwards. Principal uses thus far have been for packaging 
metal parts, especially in military applications. Skin-tight coverings can 
be produced by exposing loosely wrapped packages to temperatures suflB- 
ciently high to induce loss of orientation. At 85 to 95° F such shrinkage 
becomes apparent. Above 160° F, unrestrained shrinkage occurs in a 
few seconds. Odorless and tasteless film for food packaging is under 
development. Properties of “Saran” film are given in Table 66. Figure 173 
shows the relation between bursting strength and thickness of ^‘Saran” film. 

Table 66. Properties of ^'Saran'' Film — ^T3rpe M 
(All data referred to are averages for 0.002" film at 77® F and 50% relative humidity.) 


General 

Specific Gravity 1.68 

Specific Volume — cubic inches /pound 16 

Area Factor — square inches/pound 7000 

Moisture Vapor Transmission — grams/lOO inchesV24 hours at 100® F 
and 90% Relative Humidity Differential 0.14 

Water Absorption — 1 week at 77® F 0.02% 

Thermal 

Softening Point 240-260® F 

Burning Rate — ^A.S.T.M. D568-40 Self-Extinguishing 

Specific Heat — cal/® C/gram 0.32 

Thermal Conductivity — cal/sec/cm*/® C/cm 2.2 X 10“^ 

Resistance to Heat — up to 125® F continuous Excellent 

Resistance to Heat — up to 170® F intermittent Good 

Resistance to Cold — tested to — 40® F Good 

Mechanical 

Tensi le Strength — pounds/inch* 7-11 ,000 

Elongation — per cent 25-35 

Bursting Strength — pounds/inch* 67 

Tear Strength — grams-Elmendorf 40 

Drop Impact — (1" steel ball) — feet — 

77® F 10 

32® F >7}^ 

0®F >7K 

Optical 

Refractive Index 1.61 

Transmission of White Light 90% 

Ultraviolet Cut-Off 8500A 

Transmission of Infra-Red 90% 

Electrical 

Dielectric Constant 

1,000 cycles 2-4 

1,000,000 cycles 2-4 

Power Factor 

1,000 cycles 10-13 

1,000,000 cycles 3-5 

Dielectric Strength, volts/mil. 5000 


As with some other thermoplastic films and fabrics, it is possible to 
heat-seal ‘‘Saran” glm. This operation can be carried out, if desired, by 
electronic heating. 
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Polyvinylidene chloride has been developed as a binder-modifier for 
abrasive particles in grinding wheels. 

The use of Saran as a webbing agent in ^^Vinylite” coatings destined for 
use as a sprayable packaging material for protecting heavy military 
equipment in storage has been mentioned in Chapter 14. 

Among ^^Geon^^ resins, announced by Goodrich in 1944, members of 
the 200 series are copolymers of vinyl chloride and vinylidene chloride. 
These products may be dissolved in methyl ethyl ketone and plasticized 
with dioctyl phthalate. They are recommended for molding, extruding, 
calendering, solution coating, impregnating, and film casting. 

During the war, a vinylidene chloride copolymer with vinyl chloride in 
approximately 1 : 1 ratio was developed. Although future manufacture of 
this product is not contemplated it is interesting to note that by suitable 
treatment it can be cross-linked or ‘‘vulcanized.^’ This operation can be 
carried out by heating with a rubber accelerator and zinc oxide. 

Trade Names and Prices 

Polyvinylidene chloride is manufactured by the Dow Chemical Com- 
pany under the name “Saran.” Several fabricators have been licensed to 
extrude it and carry out injection molding. A few of these licensees have 
re-named their products with their own trade-marks, among which are 
“Mills Plastic,” “Permalon,” “Vec,” and “Velon.” 

In 1943, “Saran” extrusion powder averaged 0.54 dollars per pound. 
Tubing of % inch outside diameter and 0.031 inch wall thickness was 
priced, subject to discounts, at $9.60 in hundred foot lengths, with cost 
ranging downward to $4.80 per hundred feet in lots of 10,000 feet or more. 
List prices of pipe, subject to discount, ran from 68 cents to $2.64 per 
foot in sizes from V 2 inch to 2 inches for lots of 1000 feet or more. 

The “Geon” 200 series of resins has been mentioned in the preceding 
section. 
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Chapter 16 
Polystyrene 


History 

Although polystyrene is a relatively now oommercial plastic, it has 
been known to science for over a hundred years. Styrene, itself, was 
first produced in 1831 by distillation of storax obtained from Liquidam- 
bar orientcUis, a tree native to Asia Minor and belonging to the same 
genus as the North American sweet gum {Liqmdambar styracifitia) . 
Eight years later, a Berlin apothecary, Eduard Simon, made a further 
study of styrene and, by heating, obtained from it a solid material 
which he thought to be an oxide, but which was, in fact, polystyrene. 

The polymeric nature of this material was first clearly recognized by 
A. W. Hofmann and his co-worker, John Blyth, in England in 1845. Not 
until fifty-five years later, however, was any interest shown in possible 
commercial applications of polystyrene and another eleven years elapsed 
before the first significant patents in this field were applied for by the 
British chemist, F. E. Matthews, who quite logically was also a pioneer 
in the development of synthetic rubbers made by polymerization of 
butadiene and its homologues. In English Patent No. 16,278 of 1911, he 
described both catalytic and thermal polymerization of styrene to yield 
substances suitable for use in the production of articles then made from 
hard rubber, “Celluloid,” glass, and wood. Shaping of the heat-softened 
polymer was described and its value as an electrical insulator was 
recognized. 

Although scientific studies of polystyrene before and after Matthews, 
especially those of Staudinger and his co-workers, contributed sub- 
stantially to our knowledge of the chemistry of high polymers, yet in- 
dustrial utilization of these resins had to await development of economic 
methods for the manufacture of styrene itself. Moreover, it was necessary 
to invent practical ways of preventing polymerization during storage 
and shipment of the monomer. The latter discovery came first — ^in 1922 
— and was the logical outgrowth of systematic researches of two French 
chemists, Moureu and Dufraise, who studied autocatalytic reactions and 
their inhibition. It was found that numerous materials, especially 
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aromatic amines and phenols, are capable of preventing the polymeriza- 
tion of styrene which, without them, normally occurs upon protracted 
standing at room temperature. This discovery has since become of great 
practical merit. It now makes possible the distillation, storage, and 
shipment of large volumes of liquid monomeric styrene as an industrial 
chemical. 

Not until the end of the 1920’s were economical methods developed 
for large-scale manufacture of styrene. This led to the introduction of 
polystyrene as a commercial plastic in Germany about 1930, under the 
trade names ‘^Resoglaz’^ and “Trolitul/’ Shortly afterward, in 1933, the 
Naugatuck Chemical Company introduced “Victron,^' manufactured un- 
der a series of patents issued to Ostromislenski. “Victron” was used in 
dentures for a sliort time under the trade name ^^Rlarvelyn.” The 
styrene used in making it, however, was relatively expensive, being ob- 
tained by dehydrohalogenation of monochlorinated ethylbenzenes. The 
sales price of the polymer ran from $1.50 to $2.00 per pound, the product 
was slightly yellowish in color, molecular weight was low, and “Mar- 
velyn” dentures failed to give satisfaction. ^^Victron” disappeared from 
the market after a few years and in 1937 rights to the Naugatuck pa- 
tents on polystyrene were transferred to the Carbide and Carbon Chemi- 
cals Corporation. 

Late in that same year, however, domestic polystyrene again appeared 
upon the market under the trade name ^^Styron^^ — this time from the 
plant of the Dow Chemical Company. Many years before, the great 
French scientist-statesman, Berthelot, had formed styrene by pyrolysis 
of ethylbenzene, but only in poor yields. Dow made this process a com- 
mercial success and evolved a water- white resin. Shortly after Dow 
introduced polystyrene, the Monsanto Chemical Company and the 
Bakelite Corporation began to supply this resin to the trade, their 
materials being based on either styrene or polystyrene produced by 
Dow. More recently, the Catalin Corporation announced introduction of 
polystyrene sold under their trade name “Loalin.^^ 

The synthetic rubber program greatly increased the demand for 
styrene and accelerated its production by several companies, some of 
whom were already planning manufacture before Pearl Harbor. Con- 
cerns now making monomeric styrene include Carbide and Carbon, Dow, 
Koppers, Monsanto, and, until recently, U. G. I. It is perhaps note- 
worthy that, in 1940, the last named company began operation of a 
pilot plant which yielded styrene, along with other unsaturates, by 
pyrolysis of petroleum oils. Production capacities of various plants are 
given in Chapter 20. As a by-product of the rubber program, poly- 
styrene has become one of the most common and least expensive ther- 
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moplastics. Already cellulose acetate has. felt the impact of its com- 
petition. 

Chemistry 

Monomeric Styrene, Small percentages of styrene are present in coal 
tar, but no commercial method has been developed for its recovery as 
a by-product of coal carbonization. It is also one of the reactive un- 
saturated materials responsible for the deposition of troublesome gums 
in gas mains, meters, regulators, and pilot burners handling manufac- 
tured gas, especially carbureted water gas. About fifteen years ago it 
was estimated that 8,000,000 pounds of styrene were available annually 
from domestic drip oil, but no large-scale recovery has ever been at- 
tempted from this source, although U. G. I/s styrene operation was an 
outgrowth of this observation. 

The first process operated in the United States for the manufacture 
of styrene was that used by the Naugatuck Chemical Company during 
^^Victron’s” brief span of life. Ethyl benzene, obtained by a Friedel- 
Crafts reaction from ethyl chloride and benzene, was chlorinated in the 
side chain to a mixture of the two possible monochloroethyl benzenes, 
largely 1-chloro-l-phenyl ethane, 

< ( ) h-CHC1— CH» 

Hydrogen chloride was subsequently eliminated by reaction with a base. 

The styrene thus produced contained traces of chlorine, probably in 
the ring, from which it could not be freed and the polymer possessed an 
objectionable light yellow tinge. Although commercial production of the 
monomer by this process served to arouse American interest in poly- 
styrene, it was far too costly an operation to meet with permanent 
success and died after a few years. 

The process employed by the Dow Chemical Company and currently 
used in various modified forms by several companies, also depends upon 
ethylbenzene as an intermediate, but resorts to pyrolytic dehydrogena- 
tion. Dow’s ethylbenzene is produced by liquid-phase reaction of eth- 
ylene with benzene in the presence of aluminum chloride at 88“ under 
one atmosphere pressure. Polyethylbenzenes are either disproportionated 
or recycled, so that high yields of ethylbenzene are obtained. Refinery 
gases free from other olefins can be used as a source of ethylene for 
this reaction, provided the ethylene content is at least 38 per cent. 

Certain other companies who have entered this field alkylate benzene 
with ethyl alcohol, using phosphoric acid as catalyst. 

Ethylbenzene is catalytically dehydrogenated to styrene at high tern- 
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peratures, usually between 600 and 800®. Yields of 50 to 80 per cent are 
reported from the dehydrogenation reaction. 

Higher yields of styrene are obtained by cracking isopropylbenzene. 
Pyrolysis of t-butyl benzene, on the other hand, yields largely benzene 
itself. Isopropylbenzene has become an important constituent of high 
octane aviation fuel now produced in quantity. It is, therefore, possible 
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Courtesy The Dow Chemical Co* 


Figure 174. One of four ethylbenzene cracking plant blocks of the 
styrene plant of The Dow Chemical Company at Velasco, Texas. 

Here ethylbenzene is converted into crude styrene. Original capacity 
of the plant was 50,000 tons a year, but it will produce 75,000 tons. 

that this compound may, in the future, serve as an even more economical 
source of styrene than does ethylbenzene. 

A third method of making styrene has been adopted in a pilot plant 
formerly operated by Ugyte Sales, a subsidiary of the United Gas Im- 
provement Co. Unlike the other two processes just described, this 
method does not require ethylbenzene. Clean cnidc oil is cracked under 
atmospheric pressure by spraying it onto refractory brick heated to about 
1100®. The cracked product is a complex mixture of ethylene, butadiene, 
isoprene, piperylene, cyclopentadiene, styrene, methylstyrenes, benzene 
and its homologues, and numerous other unsaturates. Separation and 
purification, largely by distillation, has been difficult to achieve, but 
amounts up to 2500 pounds of styrene — 2 per cent overall yields based 
on heavy oil input — ^have been produced daily in this plant and the 
material has been used commercially in the manufacture of polystyrene. 

Polymerization. Styrene polymerizes slowly upon standing at atmos- 





POLYSTYRENE 


416 

pheric temperature. This reaction can be inhibited by numerous anti- 
oxidants or polymerization inhibitors containing quinoidal, nitro, amino, 
nitroso, and phenolic groups. Among such compounds, hydroquinone 
and t-butyl catechol are the most important, being used as commercial 
stabilizers for shipping and storing monomeric styrene. They can be 
readily removed by distillation of the styrene over solid caustic. 



Courtesy The Dow Chemical Co, 


Figure 175, One of The Dow Chemical Company’s polystyrene 
plant*?, typical of the care exercised in producing ultra-hijgh quality 
material. This plant is windowless, completely air-conditioned, and 
also kept under pnvssure to exclude dirt. 

Polymerization of styrene is accelerated by both heat and catalysts. 
Average chain length of the polymer decreases with increasing tem- 
perature and increasing activity of the catalyst selected. Numerous 
metal and metalloid halides catalyze polymerization, but a trace of 
oxygen appears to be necessary in order for them to act effectively. 
Aluminum and stannic chlorides are very active, but the molecular 
weight of the product is low. Benzoyl peroxide, sold under the trade 
name, “Lucidol,^^ is more mild and is used commercially. Conditions of 
polymerization are carefully controlled in order to obtain a product of 
standard quality and uniformity. 

Air must be excluded during polymerization, otherwise yellowing 
occurs. 

The polymerization of styrene is thought to be a chain reaction ini- 
tiated by activation of the double bonds of a relatively small number 
of molecules, thus providing nuclei for polymerization which then add 
inactive molecules with which they come in contact, transmitting their 
energy of activation to the larger molecules as they grow. 

The classification of styrene polymerization as a chain reaction is due 
in large part to the fact that the average chain length of the polymer 
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does not increase as reaction progresses. Under a given set of reaction 
conditions, the length of the polystyrene chains first formed is about 
the same as the average chain length of those formed at the end of the 
reaction. Hence, although an appreciable time is required to effect 
polymerization of a given amount of styrene because of the infrequency 
of activation and the necessity for activating a sufficiently large number 
of molecules to use up all of the monomer present in the entire fluid, the 
chain reaction, once initiated, proceeds with such great rapidity that 
molecules formed during polymerization, which are intermediate in length 
between monomer and final polymer have not yet been isolated. As in 
all cases of polymerization, however, there is, of course, a considerable 
spread in polymer distribution unless fractionation is carried out. 

The initial addition of a molecule of styrene to an activated molecule 
of the same material can be written in the following manner, where the 
asterisk indicates an activated double bond; 



This reaction is again repeated: 



and continues indefinitely, so that the ultimate product is a long linear 
chain, a portion of which may be represented as follows: 

CH— CHj— CH— CHs— CH— CH,— CH— CH^H— CH2— CH— CHs 



Depending upon the conditions of polymerization, the polymers may 
vary from hemi-colloids to eucolloids and the degree of polymerization 
may range between 10 and 5000. A degree of polymerization of 5000 
corresponds to a linear chain of 10,000 carbon atoms to which 5000 
phenyl radicals are attached, presumably on alternate carbon atoms. 
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The molecular weight of such a polymer is 520,000. The average 
molecular weight of commercial grades of polystyrene runs between 
18,000 and 200,000. It usually lies in the range of 65,000 to 100,000. 
Styrene might polymerize to yield the following unit structure: 

— CH— CHs— CHj— CH— CH— CHr— 



instead of the regularly alternated chain shown above. Neither formula 
has been indisputably proven. Each has its supporters, but the 1,3 struc- 
ture is more generally preferred. 

Under drastic conditions, the chain of polystyrene may be branched. 
The properties, especially viscosity characteristics, of the branched 
chain polymer differ from those of straight chain isomers of similar 
molecular weights. 

Presence of a trace of divinylbenzene in the styrene causes cross- 
linking of the long chains of polymer, with consequent formation of a 
tridimensional structure possessing radically different properties, such 
as increased resistance to heat and solvents. A cross-linked section of 
such a molecule may be represented as follows: 


— CH— CHj— CH— CHs— CH— CHj—CH— CH,— 



Certain unsaturated compounds which will not of themselves poly- 
merize, such as maleic anhydride, can be conjointly polymerized together 
with styrene. The products are known as heteropolymers, differing from 
copolymers in that the latter are produced by conjoint polymerization 
of two or more unsaturated compounds each of which can be poly- 
merized alone. The unit structure of a maleic anhydride heteropolymei 
is as follows: 
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— CH— CBi— CH— CH— 

[) cAA 

Properties 

Commercial grades of polystyrene are clear, transparent thermoplas- 
tics capable of transmitting 90 per cent, or better, of white light. In this 
property polystyrene resembles the methacrylates. 

Long-continued exposure of unstabilized polystyrene to sunlight causes 
some yellowing. This discoloration is attributable mainly to residual 
monomer in the polymer. Polystyrene softens slightly above 100® and be- 
comes a viscous fluid at temperatures in the order of 185®. Its A.S.T.M. 
heat distortion temperature is about 80®. Polystyrene has a thermal 
transition point at 82® which is essentially a freezing point between a 
semi-rubbery and solid state. It can be easily molded by injection or 
extrusion methods and can be dyed in any color by incorporation of 
various oil-soluble dyes in the monomer prior to polymerization or by 
grinding or milling a dye or pigment with the polymer. 

Polystyrene has a density of 1.05. It is one of the lightest plastics. 

Although thermoplastic, it possesses unusually good dimensional sta- 
bility at room and slightly elevated temperatures, being relatively free 
from cold flow. In this respect it is superior to most other thermoplas- 
tics, as shown by Figures 176 and 177. 

Polystyrene is an excellent electrical insulator, possessing dielectric 
properties equal to those of fused quartz. Figure 178 shows the relation 
of thickness to dielectric strength. 

The water resistance of polystyrene is outstanding. Its absorption at 
room temperature after prolonged standing is nil, and its dimensional 
changes after such treatment are also nil. Curiously, polystyrene is not 
impermeable to water vapor, despite its resistance to water absorption. 
At room temperature and under standard conditions, polystyrene film 
5 mm thick transmits approximately 0.5 mg of water vapor per sq cm 
per hr. 

Crazing of polystyrene surfaces has been noted with older types of ma- 
terials. This phenomenon, exhibited by the appearance of many fine 
surface cracks, was caused either by too great imposition of strain upon 
the surface through bending or other form of stressing, or by loss of 
volatile constituents. Polystyrene currently available is so low in volatile 
components that crazing no longer results from this source. It can still 
be caused, however, by excessive stressing of the surface. Articles of 
polystyrene to be held in place by frames or constrained bases, therefore, 
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Figure 176. Comparison of the dimensional stability of polystyrene at 50® 
with typical samples of other plastics. (Length decrease of 1.75 X 2.^ X 0.10 
inch samples. Conditioned at 25® and 50 per cent relative humidity before 
measuring.) 



Figure 177. Comparison of the dimensional stability of polystyrene at 70® 
with typical samples of other plastics. (Length decrease of 1.76 x 2.50 x 0.10 
inch samples. Conditioned at 25® and 50 per cent relative humidity before 
measuring.) 
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should be mounted with a minimum of stress. In all cases this loading 
should not exceed a compressive deformation of more than 1 per cent. 

Polystyrene is resistant to acids, alkalies, alcohols, and other hydroxylic 
solvents. It is not dissolved by vegetable oils, fats or waxes. On the 
other hand, it is readily dissolved by aromatic hydrocarbons, chlorinated 



Courtesy The Dow Chemical CoA^ 


Figure 178. Dielectric strength of polystyrene. (% inch electrodes. 

25° and 50 per cent relative humidity.) 

hydrocarbons, and many esters and ketones. It is swelled, but not dis- 
solved by paraffinic hydrocarbons and acetone. 

Impact strength of polystyrene is not appreciably affected by tempera- 
tures down to — 76®. Indeed, as temperature decreases, injection molded 
polystyrene gains somewhat in toughness as reflected in shock resistance, 
tensile strength, elongation, and flexural strength. Hardness also in- 
creases with decreasing temperature. This behavior is shown for products 
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Figure 179. Unnotched Izod impact strength of injection-molded polystyrene. 
{Carswell, Hayes, and Nason 
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Figure 180. Tensile strength of injection-molded polystyrene vs, temperature. 
{Carswell, Hayes, and Nason V 
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Figure 181. Elongation of injection-molded polystyrene vs, temperature. 
Elongation at break increases below 80® — ^an unusual behavior for thermo- 
plastics. {Carswell, Hayes, and Nason • 
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of different molecular weights in Figures 179 to 183. It has already been 
noted that polystyrene undergoes a critical transformation at about 
82®. Below this temperature, it is a hard, glass-like solid; above, it is 
relatively soft and more or less rubbery. While certain properties like 
hardness and heat resistance are substantially independent of molecular 



weight, others such as tensile strength, elongation, and impact strength 
increase therewith. 

Polystyrene is unique among plastics in that it gives rise to a some- 
what metallic ring when dropped on a hard surface or struck sharply. 
TTiis property can often be used as a simple test to differentiate it from 
other plastics. 
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Unlike hard rubber and the phenolics, polystyrene possesses poor fric- 
tional characteristics which are not materially improved by water lubri- 
cation. Hence polystyrene cannot be used for under water bearings be- 
cause of excessive wear. 

Physical properties of conventional, high-pressure molded polystyrene 
are listed in Table 67. 

For discussion of the characteristics of low-pressure molded ^Toly- 
fibre,^^ see p. 429. 

Shapes 

Molding Compound. Polystyrene is available in several forms, among 
which molding compounds rank first in volume and importance. Care- 
ful control of polymerizing conditions is exercised during their manu- 
facture so as to ensure uniformity of physical properties and good color. 
Molding compounds are available in water white and colored grades, both 
transparent and opaque. Luminescent and phosphorescent pigments 
provide molded articles capable of glowing in the dark and under ultra- 
violet light. 

Polystyrene can be plasticized with such compounds as dibutyl phtha- 
late and a variety of other high boiling aromatic liquids. Molding com- 
pounds as a rule, however, do not contain any plasticizer. Addition of 
the latter does not affect elongation or toughness advantageously at 
normal temperatures until rather high concentrations are reached. At 
the same time, the heat distortion point is lowered so much that plas- 
ticized compounds are not suitable for most applications. United States 
Patents, Nos. 2,289,743-4 and 2,272,996 have been granted on the use 
of high-boiling aromatic hydrocarbons as plasticizers for polystyrene. 

Polystyrene molding powder can be used in compression molding, but 
this is not recommended except for experimental work. Not only is pro- 
duction slower — ^universally the case in compression molding of thermo- 
plastics — but polystyrene molding powders require relatively high tem- 
perature and pressure and do not flow as well in compression as injection 
processes. 

Customary injection .molding temperatures range from 175® to 275®, 
with pressures of 10,000 to 50,000 pounds per square inch. 

The most interesting applications of polystyrene are in electrical parts. 
Its unusual dielectric properties have guaranteed it a preeminent posi- 
tion in mqlded television coil forms and insulating parts for both high 
and low frequency radio. Co-axial beads are molded in large numbers 
from polystyrene. 

Important military applications of polystyrene have utilized its insulat- 
ing characteristics. Especially spectacular were large, 14 ounce injection 



POLYSTYRENE 


425 


Table 67. Properties of Polystyrene (“Styron”) 


(Determined on Compression 

Molding 

Compression temperature 
Compression pressure, Ibs/sq in 
Compression ratio 
Injection temperature 
Injection pressure, Ibs/sq in 
Mold shrinkage, in /in 
Machining qualities 
Buffing or polishing 
Clarity 

Color possibilities 
Thermal 

Specific heat, cal/gm/® C 
Thermal expansion coefficient, per ® C 
Softening point 
Distortion temperature 
Heat conductivity, cal/sec/cm/® C 
Mechanical 

Tensile strength, Ibs/sq in 
P^longation 

Modulus of elasticity, Ibs/sq in 
Impact strength, 25® to — 70®, ft lbs 
Hardness: 

Rockwell No. OAin ball, 60 kg load) 

Shore Scleroscope No. 

Electrical 

Dielectric strength, volts per mil 
Dielectric constant, 60 cycle 
1000 cycle 
1,000,000 cycle 
Power factor, 60 cycle 
1000 cycle 
1,000,000 cycle 
Resistivity ohm cms 
Arc resistance, seconds 
General 

Refractive index at 25® 

Light transmission through 0.1" thickness 

Ultraviolet absorption, complete below 

Water absorption (96 hours immersion) 

Specific gravity 

Specific volume, cu in/lb 

Burning rate 

Effect of weak acids 

Effect of strong acids 

Effect of weak alkalies 

Effect of strong alkalies 

Toxicity 


Molded Test Pieces) , 


280-350° F 

300-2000 

2.5 

300-500® F 

10.000 up 
0.003-0.004 
Good 

Fair 

Crystal clear 
Unlimited 

0.324 

7.0 X 10-“6 
220-240® F 
172-176® F 
3.2 X 10“* 

5500-7000 

1 % 

5.5-7.0 X 10^^ 
0.2-0.3 


See Figure 178 
2.6-2.7 

2.6- 2.7 

2 . 6 - 2.8 
0 . 02 % 

0 . 02 % 

0.04% 

>1 X 10« 
240-250 

1.59 

90% 

3000A 

0 . 00 % 

1.05 

26.3 

Low 

None 

Discolors 

None 

None 

Nontoxic 


0>A.S.T.M.D 48-37 

A.S.T.M. D 256-34 T, ft lbs to break Izod notched bar 
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molded stanchions used to support the radio antenna mast for fast can- 
non-carrying fighter planes. These stanchions have been subjected to ex- 
treme and rapid temperature changes and had to withstand high stresses. 

The extraordinary water resistance of polystyrene is applied not only 
in electrical equipment, but also in such articles as refrigerator parts. 
Breaker strips, drip trays, freezing compartment doors, and other acces- 
sories are produced from this plastic. Resistance to alcohol has led to its 
application in molded liquor dispensers and accessories. Excellent re- 



Courtesy The Dovu Chemical Co, 

Figure 184. A group of polystyrene batteries designed for special 
Signal Corps applications. 


sistance to acids and alkalies has resulted in its eager acceptance in 
molded closures for bottles containing these chemicals. In this applica- 
tion, polystyrene screw caps have done away with glass stoppers that 
were prone to stick and, for safety, required protection with exterior rub- 
ber caps. Water and chemical-resistance, dimensional stability, electrical 
properties, moldability and toughness are factors which led to its adop- 
tion in one of its most important wartime applications — injection molded 
storage battery cases. 

Numerous housings, frames, and bezels are molded from polystyrene. 
A refrigerator panel, weighing 19 ounces and having an over-all surface 
area of 204 square inches, is the largest injection molding to date. It 
was made of polystyrene. The dimensional stability of this plastic is 
often an important factor in its selection for applications of this type. 
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but care fshould be exercised in mounting, to keep the parts free from 
strain in order to avoid crazing. 

The transparency of polystyrene rivals that of the methacrylates. This 
characteristic, together with its high index of refraction, is utilized in 
various light-bending applications, such as edge-lighted instrument dials 



Courtesy Plax Corp. 

Figure 185. Machine for extruding rod of plastic material 
such as polystyrene. 



Courtesy Plax Corp, 


Figure 186. Use of routing jig to machine unsymmetric 
pieces of plastic material, such as polystyrene, by routing. 

and advertising displays. Advantage is also taken of its clarity in crys- 
tals for clocks, gauges, speedometers, and other instruments. Its optical 
properties have led to application in sparkling molded jewels and ladies' 
ornaments. 

Polystyrene molding powder is available under the trade names of 
“Bakelitp” polystyrene, “Loalin,” “Lustron,” and “Styron.” In carload 
lots, water clear granules were priced in 1944 at about 26 cents per pound. 
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with a seven cent premium for plain colors. Total production of styrene 
resins in 1944 was about 10,500,000 pounds. 

Extruded Shapes. Formerly restricted to molded shapes, polystyrene 
is now available in a wide variety of extruded forms also. These in- 
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Figure 187. Density of molded “Polyfibre” according to solvent 
content and molding conditions. — Press-molded for three minutes 

at 16 Ib/sq in Bag-molded for fifteen minutes at 16 Ib/sq in. 

(Ooggin and Bradshaw “) 

elude solid rods and tubes up to several inches in diameter, square rods, 
and sheets. 

Extruded polystyrene monofilament, down to very fine denier, is under 
development. “Polyfibre,” described later, is one such material. When 
cold-stretched, polystyrene fiber possess^ greater strength and decreased 
brittleness, although it is subject to retraction upon warming. Cold- 
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stretching of polystyrene monofilaments is practiced upon strands up to 
about ^ inch diameter, the strength increase caused thereby decreasing 
as the diameter is increased. 

“Polyfibre.” Under this trade name, the Dow Chemical Company has 
developed large bats of oriented polystyrene fibers, laid parallel to each 
other at crosswise directions. Bat dimensions at present are 14 inches 
by 10 feet. Fiber diameters average two microns, running up to five. 
By way of comparison, cotton fibers average 15 and wool, 29 microns. 
Apparent density of tlie batting is about 0.05. It is produced contain- 



Figiiro 188. Molding conditions producing “Polyfibre” of constant donsit.v. Press- 
molded 3 minutes at 15 Ibs/sq in. {Gogghi and Bradahaw 


ing a small amount of solvent, a factor which influences molding condi- 
tions and final properties. 

“Polyfibre” may be used as a heat or sound insulator within tempera- 
ture ranges where its thermoplasticity permits. It is of especial interest, 
however, as a molding material. Because of its large surface area, it 
can be compression molded in shorter cycles and at lower temperatures 
than can be used with conventional molding powders. Its greatest in- 
terest lies in the fact that it has opened up the field of low pressure mold- 
ing of large areas to thermoplastics. Its large surface area not only 
facilitates rapid heating, but the stretched, oriented fibers retract upon 
heating so that they exert internal pressure which eliminates the necessity 
for application of external high pressure during molding. Combination 
of these two factors makes it possible to use inexpensive metal molds and 
rubber bag molding methods. Densities as low as 0.4, ranging upwards to 
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the full density of polystyrene, 1.05, can be obtained by suitable adjust- 
ment of molding conditions as shown in Figures 187 and 188. Con- 
trolled density gradients throughout molded “Polyfibre” can also be ob- 
tained. 



Figure 189. Tensile strength of bag-molded “Polyfibre.” (In each 
group of curves the top one is with grain, the center is average 
strength, random fibers, the bottom is across grain.) (Ooggin and 
Bradshaw “) 

Strength characteristics can be adjusted to some extent by controlling 
the arrangement of successive plies of “Polyfibre” batting, as shown in 
Figure 189 where random fibers means that the bats are laid up alter- 
nately at 90* to each other. 

Although tensile strength of molded “Polyfibre” is less than that of in- 
jection molded plastic, heat resistance is substantially the same and 
water resistance is not greatly affected, as can be seen from Figure 190. 





Figure 190. Water absorption 
of molded “Polyfibre” vs, specific 
gravity. {Goggin and Brad- 
shaw ^*) 
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Some degree of orientation appears to remain in the molded article, even 
at maximum density, so that impact strengths are much improved over 
that of standard molded polystyrene. The relation of impact strength, 
as measured on % x % inch unnotched specimens, to density of molded 
“Polyfibre” is shown in Figure 191. 



Figure 192. Compressive strength curve for expanded 
polystyrene (“Styrofoam”) of density 1.5 Ib/cu ft. (A/c- 
Cuaig and Mclntire^^) 


Electrical properties of molded “Polyfibre” are excellent. Its dielec- 
tric constant is even less than that of conventional high-pressure molded 
polystyrene and decreases as density decreases. 

Table 68 compares the properties of molded “Polyfibre” with those of 
conventional molded polystyrene. 

Expanded Polystyrene. The Dow Chemical Company has recently 
placed on the market an expanded form of polystyrene under the trade 
name “Styrofoam.” This product consists of a coherent, relatively strong 
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Table 68. Comparison of Properties of Polyfibre” at Various Densities 

with Polystyrene 


Polystyrene 

Btanaard 

Molding 

Grade 


Specific volume, cu in/lb 26 

Tensile strength, Ibs/sq in (ave.) 7,000 

Impact strength, in-lbs (H X 

^ in, unnotched) 1-2 

Flexural strength (maximum) 14,000 

Hardness (Rockwell superficial) 90-93 

Dielectric constant, 1,(X)0,000 
cycles 2.55 

IJeat distortion, ® F 175 

Water absorption, % < 0.05 


“Polyfibre” (4.5% Solvent Content) 
Random Fiber Layup 
Density 


0.60 

0.70 

0.80 

0.90 

1.0 1 

46 

39 

34 

30 

28 

2,000 

2,300 

2,600 

3,200 

3,900 



13.5 

9.5 

6.0 

3.0 

2,200 

3,600 

6,000 

9,800 

15,000 

— 

— 

15 

49 

80 

1.72 

1.85 

1.99 

2.20 

2.40 

160 

160 

160 

160 

160 

0.1 

< 0.1 

<0.1 

<0.1 

<0.1 
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cellular mass of discontinuous air pockets — from Vs to V* inch average 
diameter— each totally enclosed in a continuous polystyrene membrane. 
It is about forty-two times more voluminous than molded polystyrene 
and is at present available in a grade having an apparent density of 1.5- 
2 Ibs/cu ft. Other densities have been produced on a small scale. Typical 



Figure 194. Impact sti-ength and tensile strength of 
expanded polystyrene (“Styrofoam”) as a funcUon of 
density. (Impact strength specimens: % X 14 inch.) 

{McCuaig and M civ tire *-) 

properties are shown in Figures 192 to 195. Principal applications arc 
based upon its buoyancy, low density, heat insulating characteristics, 
electrical properties, and moisture resistance. It is highly resistant to 
mold growth, rot, and decay. Its upper operating temperature is 170* F. 

Foil. Polystyrene is available under the trade name “Polyflex” as foil 
in thicknesses of 0.001 and 0.020 inch. Ribbons and sheets are produced 
in both clear and light puiple grades, the latter in order to mask dis- 
coloration (yellowing) during service. Polystyrene foil is used especially 
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Figure 195, Buoyancy of expanded polystyrene (“Styrofoam”) after long- 
continucd imniei*sion in water. These curves illustrate the exceptional strength 
of cell sti-ucture of this material. {McCuaiy and McInlire '-“) 



Courtesy Plax Carp* 


Figure 196. Machine for extruding polystyrene sheet 
mateiiai. 
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as insulation for wound coils and condensers. Brittleness is overcome by 
a two-way stretch which affords a means of orienting the molecules in 
both directions. 

Filled Polyst3n'ene 

“Styramic.” Although polystyrene is usually supplied in the form of 
molding powders and stock shapes consisting of pure polymer, with 
or without coloring material (more commonly without), it is possible not 
only to plasticize it, but also to load it with any of the commercial fillers. 
Such practices, however, have not been generally adopted because there 
seem to be no advantages to be gained while, on the contrary, many of 
the valuable characteristics of polystyrene are lost. .One notable exception 
exists. It is a product of the Monsanto Chemical Company sold under the 
trade name “Styramic.” It consists of polystyrene filled with a high-melt- 
ing high chlorine content “Aroclor,” or chlorinated biphenyl. While the 
tensile and flexural strengths of polystyrene are about halved by filling 
in this manner, water absorption and dielectric strength are not greatly 
affected, and resistance to heat and flammability are much improved. 
“Styramic” has therefore been developed primarily as a superior high- 
frequency insulating material of greater heat resistance than polystyrene. 
Its “Aroclor” content lends nonflammability. Its density is 1.368, con- 
siderably higher than that of unfilled polystyrene. It machines more 
readily than polystyrene and is available as molding powder and in ex- 
truded sheet, rod, tube, and bar forms. It emits an even more pronounced 
metallic ring than polystyrene when struck sharply or dropped upon a 
hard surface. 

Physical properties of “Styramic” listed by Monsanto are given in 
Table 69. 

Miscellaneous Forms 

Casting. Although much less common than with the methacrylates, 
polystyrene can be cast by polymerizing the monomer under heat in the 
presence of benzoyl peroxide, or by standing for several months at room 
temperature. It can also be used as an impregnant and polymerized 
in situ. 

Lacquers. While polystyrene has been advanced as a component of 
lacquers and varnishes, its use in this manner is not, at the present time, 
to be recommended, for weather resistance, adhesion, flexibility, and 
color stability are all poor where it is used as a base for surface coatings. 
The hydrophobic nature of polystyrene also precludes its use as an ad- 
hesive applied to hydrophilic surface, such as wood or glass. Its use as 
an interlayer for safety glass is therefore impractical. 
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Table 69. Physical Properties of 

“Styramic” ♦ 

Formulations and Colors 

Styramic 28 Gray 

Sty ramie 20 Natural 

Granulations, ins 


Screen Analysis Limits, % Through 3 mesh 

100 

Through 14 mesh 

3 

Recommended Molding Method 

Inj., ext. & comp. 

Compression Ratio 

2.5-2.8 

Injection Molding Temperature, ® F 

325-450 

Compression Molding Temperature, ® F 

300-350 

Injection Molding Pressure, Ibs/sq in 

10,000 and up 

Compression Molding Pressure, Ibs/sq in 

500 to 5,000 

Specific Gravity, 25°/25® 

1.358 

Specific Volume, cu ins/lb 

20.4 

Mold and Age Shrinkage, ins/in 

0.0025 after 6 mos. 

Heat Distortion, ** F 

184-187 

Flow Temperature, ® F 

280 

Water Absorption, 24 hrs, % 

0.046 

Burning Rate 

Chars slightly but will not burn 

Tensile Strength, Ibs/sq in 

3.000- 3,500 

6.000- 7,000 

Flexural Strength, Ibs/sq in 

Compressive Strength, Ibs/sq in 

10,000-12,000 

Young’s Modulus, in Tension 

3.34 X 10^ 

Impact Strength, Izod, ft Ibs/in of notch 

0.3 

Rockwell Hardness 

M72 

Dielectric Constant, 300 kc, dry 

2.55 

Dielectric Constant, 300 kc, 96 hrs water immersion 
Power Factor, 300 kc, dry 

2.60 

0.0004 

Power Factor, 300 kc, 96 hrs water immersion 

0.0004 

Loss Factor, 300 kc, dry 

Loss Factor, 300 kc, 96 hrs water immersion 

O.OOl 

0.00 1 


The above values except where otherwise noted arc determined on samples condi- 
tioned and tested at 25° (77° F) and 50% R.H. 


* Manufacturers’ data. The Monsanto Chemical Co. 


Styrene Copolymers 

The development of large scale production of cheap styrene in the 
rubber program has led to considerable diversification in the use of this 
unsaturate. This trend is likely to continue so that the future will un- 
doubtedly see a number of new plastics based upon styrene, in addition 
to polystyrene itself. Both copolymers and heteropolymers of styrene are 
included in this growing family. 

The use of styrene in conjunction with butadiene to form GR-S 
synthetic rubber is discussed in Chapter 20. Another elastomer of quite 
different properties, based largely upon styrene, is produced by the Dow 
Chemical Company imder the trade name, “Styraloy.” It, too, is treated 
in Chapter 20. “Pliolite” S-3, produced by the Goodyear Tire and Rub- 
ber Company, is an 85:15 styrene-butadiene copolymer. It is compatible 
with natural rubber and with several synthetic elastomers. Although it 
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is brittle at room temperature, it does not greatly raise the brittle point of 
elastomers with which it is compounded for the purpose of improving 
smoothness on extrusion or calendering and for reducing shrinkage. Im- 
portant applications for ^Tliolite” S-3 have been found in the field of 
electrical insulation. 

Low-pressure, no-pressure laminating resins in whieh styrene is co- 
polymerized with other unsaturates, especially unsaturated linear alkyds, 
have been developed under such trade names as ^Xaminai.’’ These resins 
are described in Chapter 19. 

Copolymers with Divinyl Benzene. Staudinger’s theoretical studies 
of the behavior of divinylbenzene where coplymerized with styrene have 
been mentioned earlier in this chapter. Monomeric divinylbenzene, 
admixed with various diethylbenzenes and ethylvinylbenzenes, is avail- 
able commercially in approximately 25 per cent solution. It can be 
copoiymerized not only with styrene, but also with mixtures of styrene 
and dehydrated castor oil to yield relatively heat-resistant and solvent- 
resistant copolymers. Such compositions have been used to some extent 
as sealants for porous metal castings. 

Dow^s “Q-200^^ series of experimental plastics and General Electric^s 
^Textolite’^ 1421 are apparently copolymers of styrene and divinyl- 
benzcnc, although the specific nature of these products, particularly the 
latter, has not been disclosed by the manufacturers. Prices of the former 
products range from $4^50 to $5.00 per pound, while the latter costs 
from two to three times as much, depending upon shape. These products 
are available in cast forms and withstand higher temperatures than poly- 
styrene. Q-200.3 can be compression molded. 

Properties of ^‘Q-200” plastics are compared with those of ^^Styron” 
in Table 70, while Table 71 lists the characteristics of ^Textolite"' 1421. 

Copolymers with Nitrogenous Unsaturates. Under the trade-mark 
^^Cerex,’’ the Monsanto Chemical Company has developed a new series 
of thermoplastic, heat-resistant molding compounds containing only 
carbon, hydrogen, and nitrogen. The chemical identity of ^‘Cerex^^ has 
not been disclosed by the manufacturer. It appears to be a styrene 
<*opoiymer, possibly with acrylonitrile. ^‘Cerex’^ plastics are transparent 
and range in color from yellow to dark amber. They can therefore be 
formulated in a multitude of transparent, translucent, and claque colors. 
In many properties they are similar to polystyrene, but possess markedly 
superior heat resistance. Electrical loss properties at high frequencies 
are somewhat inferior to those of polystyrene, but because of their ex- 
ceptional heat resistance, they can be used for many extremely low-loss 
applications where poiystyiene is ruled out by heat considerations. 
A.S.T.M. heat distortion temperatures of vanous grades of ^^Cerex” 
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Table 70. Properties of Q--200 Plastics • 


Heat Distortion, ° C t 

Linear Thermal Expansion, per ^ C 

Dielectric Constant, 1000 cycles 

ultra high freq 

% Power Factor, 1000 cycles 

ultra high freq 

% Water Absorption, 72 hours in boiling 
Tensile strength, psi 
Elongation, % 

Modulus of Elasticity, psi 
Hardness, Rockwell, Superficial 
Impact, inch-pounds 
Refractive Index 
Specific Gravity 

Solvent Resistance, Acids, Alkalies 
Aromatic Solvents 
Machinability 
Moldability 


Styron 

Q-200.3 

0-200.5 

82 

95-99 

103-108 

6-8 X 10“» 

8.3 X 10^‘ 

9.0 X lO-"* 

2.55 

2.51 

2.4-2.5 

2.55 

2.51 

2.4-2.5 

0.01 

0.01-.013 

0.012-.016 

0.05 

0.05-.07 

0.05-.09 

0.04 

0.02 

0.02 

7000 

6000-8000 

7000-9000 

2-5 

2.7-3.0 

2.9-3.3 

1. 7-2.0 X 10*^ 

2.5 X 10‘ 

2.4 X 10* 

89 

93 

95 

1.0 

1.4-2. 1 

1.3-1.9 

1.59 

1.69 

1.59 

1.05 

1.05 

1.05 

Excellent 

Excellent 

Excellent 

Dissolves 

Swells 

Swells 

Good 

Excellent 

Excellent 

Excellent 

Compression 

Not recom- 


molds with mended 
difficulty 


Q-200.7, with a heat distortion around 120®, is somewhat more brittle than Q~200.5 
and is more difficult to machine because of its greater hardness. It does, however, grind 
quite well. Its power factor may be as high as 0.12% at ultra high frequency. 

* Manufacturers' data. The Dow Chemical Co. 

t Temperature at which a 5 mil deformation is observed in a Ho X H in sample sup- 
ported flatwise on 1 in centers and loaded in the center with a 260 gm-weight. This 
temperature corresponds closely to values obtained by the Standard A.S.T.M. test. 


Table 71. Properties of G. E. *‘1421” Cast Resin * 


Color 

Machinability 
Specific gravity 
Impact (Dynstat) 

Flexural strength (Dynstat) 
Dielectric constant (300 MC) 
Power factor (300 MC) 
Solvent resistance 

Thermal expansion 
Heat distortion, A.S.T.M. 
Fusibility 


Water absorption 


Pale yellow to water white 

Good, similar to brass 

1.04 to 1.06 

0.07 to 0.08 ft lbs 

7500 to 10,000 Ibs/sq inch 

2.4 to 2.5 

0.0006 to 0.0009 

Generally insoluble in most solvents, but swells in 
aromatic hydrocarbons 

8.25 X 10-V° C 

75-80® 

Nil; the material will soften at increased tempera- 
tures but will not melt. Without load it will re- 
tain its form up to 200® being rubber-like only at 
these temperatures. On cooling it assumes its 
hard form again. 

Less than 0.1 % in 24 hrs« 


* Manufacturers' data. The General Electric Co. 
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range from 195 to 300® F, that of “Cerex^’ X214, now on the market, 
being 220-230® F, 

‘^Cerex^’ is resistant to acids and alkalies. It can be boiled in water 
and in battery acid without harm. It is insoluble in carbon tetrachloride 
and aliphatic hydrocarbons, but is dissolved by aromatic and most 
chlorinated hydrocarbons. It does not contain plasticizer. 

'^Cerex^' may be fabricated by injection, compression, extrusion or 
film-forming methods. In molding by injection, the mold should be 
maintained at 180 to 220® F to avoid hardening in the sprue or run- 
ners. Cylinder temperatures of 370 to 450® F are recommended. Serious 
decomposition begins to occur about 470® F, resulting in formation of 
gas and a thin black syrup at 500® F. Discoloration commences upon 
prolonged exposure to temperatures of about 400® F. 

Properties of “Ccrex’’ X214 are listed in Tables 72 and 72a. 

Principal applications to date have been in radar and other military 
electronic equipment. Numerous uses are proposed, including surgical 
and other sterilizable instruments, dishes, and containers, coil forms, 
battery jars, and various electrical appliances. Price is in the higher 
bracket of general utility thermoplastics. 

Other Copolymers. The Rohm and Haas Company has recently an- 
nounced ‘Tlexene” M, a light amber-colored styrene copolymer modified 
with another unsaturate of as yet undisclosed identity. It possesses bet- 
ter heat resistance, strength, and machining qualities than are shown by 
polystyrene itself. Physical properties are listed in Table 73. ‘Tlexene^^ 
M is currently available in limited quantities at about 85 cents per pound. 

Heteropolymers with Maleic Anhydride. Although maleic anhydride 
does not polymerize alone, it can be copolymerized with styrene to yield 
a heteropolymer possessing the unit structure which appears on page 418. 
This product is available commercially in the form of a 20 per cent 
aqueous solution of its corresponding ammonium salt. It is sold by the 
Bakelite Corporation under the designation ‘^ammonium salt of ^Vinylite^ 
SYHM resin.'' Formerly restricted to a very few highly specialized ap- 
plications, this water-soluble substance now gives promise of more gen- 
eral utility as a protective colloid, binder, and reinforcing agent in such 
fields as printing inks and paper. 

Pol3miers of Substituted Styrenes 

Alkyl Styrenes. Various polymers of o-, m-, and p-methyl styrenes 
have received some study. Straight polymers of these compounds do 
not appear to be commercialized at present, but a series of resins rang- 
ing from viscous liquids through tacky to brittle and finally tough, 
homy solids has been placed on the market under the trade name 'Tic- 
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Table 72.^* Comparison of Properties of ‘Terex” and Polystyrene* 



“Cerex” 

Polystyrene 

Injection molding temp., 

Cylinder, ° F 

370-500 

400-450 

Mold, 

170-250 

150 

Specific gravity 

1.07 

1.05-1.07 

Flexural stren^h, psi 

13,000 

8,000-10,000 

Deflection, in 

0.169 

0.110-0.130 

Impact strengths, 

Charpy-notched, ft Ib/in 

0.46 

0.30-0.37 

Izod-notched, ft Ib/in 

0.40 

0.30-0.40 

Izod-unnotched, ft Ib/in 

3.48 

2.64 

Distortion temp, std., ® F 

212-230 

168-176 

Rockwell hardness 

MlOO 

M80-M90 

Dielectric strength, v/mil 

510 

500-700 

Dielectric constant, 

60 cycles 

— 

2.5-2.6 

1,000 cycles 

2.72 

2.5-2.6 

1 megacycle 

2.76 

2.5-2.6 

Power factor. 

60 cycles 

— 

0.0001-0.0003 

1,000 cycles 

0.0024 

0.0001-0.0003 

1 megacycle 

0.0024 

0.0001-0.0003 

Arc resistance, sec 

69 

61 

Burning rate 

Slow 

Slow 

Water absorption, A.S.T.M. 24 hr, per 

cent 

0.30 

0.05 

Effect of. 

Weak acids 

None 

None 

Strong acids 

Oxidizing acids attack 

Oxidizing acids attack 

Weak bases 

None 

None 

Strong bases 

Solubility 

Soluble in aromatic 

Soluble in aromatic 

and chlorinated 

and chlorinated 


hydrocarbons 

hydrocarbons 

Clarity 

Amber transparent 

Transparent 

Color possibilities 

Extensive 

Unlimited 


* Values determined under appropriate A.S.T.M. test methods. 


Table 72a. Results of 48-Hour Boiling of Compression-Molded Disks of 
“Cerex” and Other Plastics^* 


Material 

Weight 

Change 

{%) 

Thickness 

Change 

(%) 

Diameter 

Change 

(%) 

Appearance 

Change 

Phenolic, general purpose 

+ 9.6 

+ 9.2 

+ 1.95 

Surface roughened 

Urea, general purpose 

-2.0 

- 12.9 

+ 2.74 

Disintegrated 

“Cerex” X-214 

+ 0.8 

+ 1.5 

none 

No effect 



Table 73. Properties of 
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colastic,” by the Pennsylvania Industrial Chemical Corporation. These 
products are said to be produced from styrene type materials which 
contain homologs thereof. Ball and ring melting points range from 5 
to 160°. These products are not applicable to molding operations. 

Chlorostyrenes. Although refractory plastics can be obtained by chlo- 
rination of polystyrene, more interesting products result by polymeriza- 
tion of monomeric styrenes in which from two to five of the nuclear hy- 



Figure 197. Effect of sulfur dioxide and hydro- 
gen sulfide on the molecular weight of dichloro- 
styrene polymers. {Adapted jrom Michalek and 
Clark 2^) 

drogen atoms are replaced by chlorine. In this family, dichlorostyrene is 
at present best known. Six isomers of this compound exist. All of them 
except the 3,4-derivative yield polymers which are soluble in aromatic 
hydrocarbons, chlorinated hydrocarbons, and certain esters and higher 
ketones. They are insoluble in aliphatic hydrocarbons, the lower al- 
cohols, ethers, and glycols. The polymer derived from 3,4-dichlorostyrene, 
on the other hand, is insoluble in toluene and carbon tetrachloride, but 
is soluble in methyl ethyl ketone. Sulfur dioxide facilitates chain growth, 
as shown in Figure 197. 
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PolydichloTOstyrene is water white, resembiing polystyrene itself in 
ai^searanoe, but of higher density. Its A.S.T.M. heat distortion point is 
236'’ F or higher, depending upon the specific product. Because of the 
nuclear character of the chicane atoms, there is none of the tendency 
toward decomposition cmcountered in aliphatic chlorine compounds and 
stabilizers are unnecessary. Tensile and impact are slightly inferior to 
polystyrene. Its deformation under load is compared with that of poly- 
styrene in Figure 198. 



Figure 198. Deformation characteristic.s of polystyrene and polydichlorobtyrcno under 

load. iJoneh and Brown^^) 

Properties of polydichlorostyrenes, sold under the trade names “Sty- 
ramic HT” and “Mathieson” Plastic, are given in Table 74. 

This plastic is at present premium priced, costing slightly less than 
$14.00 per pound. Principal applications thus far have been in the 
field of military electronics. 

For comparative purposes, properties of Monsanto’s ‘Tjustron” i(poly- 
styrene), “Oerex,” "St 3 rrainic,” aid “Styramic HT” are given in Table 75. 

Diehlorostyreims have been copolymerised with numerous other un- 
ssturates, including butadiene. From this work has come a new elastomer, 
‘^Mathieson” rubber, wbidi oontadns 90 to 40 per cent of dichlorostyTene. 
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Table 74. Properties of Polydichlorostyrene 


Property 

**Mathie8on ** 

PUstio” 

"Styramic HT” 

Molding qualities 

good 

very good * 

Compression molding temp., ® F 

350 to 425 

360 to 400 

Compression molding pressure, Ib/sq in 

2,000 to 5,000 

— 

Injection molding temp., ® F 

475 to 525 

475 to 550 

Injection molding pressure, Ib/sq in 

10,000-30,000 

— 

Specific gravity 

1.39 to 1.40 

1.38 

Refractive index, n£) 

1.62 to 1.64 

— 

Flammability, in/min (A.S.T.M.-D635-41T) 

self-extinguishing 

self-extinguishing 

Tensile strength, Ib/sq in 

4,600 to 7,460 

1 

Modulus of elasticity, Ib/sq in X 10* 

5.0 to 7.0 

— 

Flexural strength, Ib/sq in 

14,000-19,000 

1 

Impact strength, ft Ibs/in of notch 
(A.S.T.M.-D256-41T) 

1.0 to 1.5 

1 

Hardness, Rockwell 

MlOO 

M103 

Distortion under heat, ® F 

240 to 265 

236 

Dielectric strength, volts/mil 

370 

— 

Dielectric constant 

2.55 to 2.65 


1,000 cycles 

— 

2.62 

1,000,000 cycles 

— 

2.62 

Power factor (per cent) 

<0.1 


1,000 cycles 

— 

0.0002 

1,000,000 cycles 

— 

0.0002 

Water absorption, 24 hours (per cent) 

0.02 

0.03 

Effect of weak acids 

none 

1 

Effect of strong acids 

none 

1 

Effect of weak alkalies 

none 

1 

Effect of strong alkalies 

none 

1 

Effect of organic solvents 

soluble in aromatic 

1 

Machining qualities 

and chlorinated 
solvents 

very good 

Effect on metal inserts 

inert 

— 

Clarity 

transparent 

1 

Color possibilities 

unlimited 

1 


* Moldability in extrusion machines is excellent. 
> See Table 75. 


This material is reported to possess much better oil resistance, tensile 
strength, elongation, tear resistance, flex cracking resistance, and resist- 
ance to deterioration upon heat aging than GR-S. 

Vinyl-t-butylphenol. Vinyl-t-butylphenol, manufactured by reaction 
of acetylene with t-butylphenol, is polymerized to “Koresin,” a General 
Aniline & Film Corporation product capable of imparting tack to GR-S. 
This material is discussed further in Chapter 20. 

References 

1. Amos, J. L., “Advances in Plastics During 1941; Polystyrene,” Modem Plastics, 
19. No. 6, 66 (1942). 

2, Anon., “Styrol Plastics,” Prgdvci Eng^ 3, 281 (1932), 



448 CHEMISTRY OF COMMERCIAL PLASTICS 




POLYSTYRENE 44d 

3. Anon., ‘Tolystjrene Plastic: Physical Properties and Typical Applications,” 
Product Eng,, 12, 419 (1941). 

4. ^ “Polystyrene Properties,” Product Eng,, 12, 666 (1941). 

6. Boyer, R. F., “Advances in Plastics During 1942: Styrene and Polystyrene,” 
Modem Plastics, 20, No. 5, 97 (1943). 

6. Burk, R. E., Thompson, H. E., Weith, A. J., and Williams, I., “Polymerization,” 
New York, Reinhold Publishing Corp., 1937. 

7. Carswell, T. S., and Hayes, R. F., “Styramic for High Frequency Insulation,” 
Modem Plastics, 19, No. 6, 68 (1942). 

5. ^ , and Nason, H. K., “Physical Properties of Polystyrene as In- 

fluenced by Temperature,” Ind. Eng, Chem,, 34, 454 (1942). 

9. Dow, W., “Progress of Styrene Production,” Ind. Eng. Chem., 34, 1267 (1942). 

10. Dow Chemical Company, “Dow Plastic Materials and Plasticizers,” Midland, 
Mich., 1938. 

11. , “Styron,” Midland, Mich. 

12. Ellis, C., “The Chemistry of Synthetic Resins,” Chapter 11, New York, Reinhold 
Publishing Corp., 1935. 

13. Goggin, W. C., and Bradshaw, R. R., “Polyfibre — A New Approach to Molding,” 
Modern Plastics, 21,’ No. 11, 101 (1944). 

14. Griffith, H. E., “Flexible Polystyrene Sheet,” Bakelite Review, 15, No. 1, 8 
(1943). 

15. Jones, C. L., “A New Series of Thermoplastic Resins (Cerex),” Modem Plastics, 
21, No. 11, 83 (1944). 

16. Jones, C. L., Jr., and Brown, M. A., Jr., “New High-Tcmperature Styrene. 
(Polydichlorostyrene),” Modem Plastics, 21, No. 12, 93 (1944). 

17. Kemp, A. R., and Peters, H., “Viscosity and Cryoscopic Data on Polyst3n*ene,” 
Ind. Eng, Chem., 34, 1097 (1942). 

18. Mark, H., and Raff, R., “High Polymers: Vol. III. High Polymeric Reactions — 
Their Theory and Practice,” New York, Interscience Publishers, Inc., 1941. 

19. Marvel, C. S., and Moon, N. S., “The Structure of Vinyl Polymers: VIII. 
Polystyrene and Some of Its Derivatives,” J, Am, Chem. Soc., 62, 45 (1940). 

20. , and Schertz, G. L., “Copolymers of p-Chlorostyrene and Methyl 

Methacrylate,” J. Am. Chem. Soc., 65, 2054 (1943). 

21. Mathe.son, L. A., and Goggin, W. C., “Electrical Application of Polystyrene,” 
Ind. Eng. Chem., 31, 334 (1939). 

22. McCuaig, D. W., and Mclntire, O. R., “An Expanded Polystyrene,” Modern 
Plastics, 22, No. 7, 106 (1945). 

23. Meyer, K. H., “High Polymers : Vol. IV. Natural and Synthetic High Polymers,” 
New York, Intcrscience Publishers, Inc., 1942. 

24. Michalek, J. C., and Clark, C. C., “Dichlorostyrenes and Their Polymers,” Chem, 
Eng. News, 22, 1559 (1944). 

25. Monsanto Chemical Co., Advertisement, Modem Plastics, 21, No. 12, 62 (1944). 

26. Natelson, S., “Styrene and Metastyrene,” Ind. Eng. Chem., 25, 139 (1933). 

27. Signer, R., “The Molecular Weight of Polystyrenes and the Shape of the Mole- 
cules in Solutions,” Paper in “The Phenomena of Polymerization and Condensa- 
tion: A General Discussion,” p. 296, London, The Faraday Society, Sept. 1935. 

28. Staudinger, H., “Die Hochmolekularen Organischen Verbindungen,” Berlin, J. 
Springer, 1932. See also numerous articles by Staudinger, et al., which are re- 
viewed by Mark and Raff.^® 

29. , Heuer, W., and Husemann, E., “The Insoluble Polystyrene,” Paper in 

“The Phenomena of Polymerization and Condensation: A General Discussion,” 
p. 323, London, The Faraday Society, Sept. 1935. 

30. U. S. Tariff Commission Report No. 131, Second Series, “Synthetic Resins and 
Their Raw Materials,” Washington, D. C., 1938. 

31. Weith, A. J., Turkington, V. H., and Allen, I., Jr., “Polystyrene,” Ind. Eng. 
Chem,, 32, 1301 (1940). 



450 CHEMISTRY OF COMMERCIAL PLASTICS 

32. Whitby, G. S„ '‘Some Observatione on Polystyrene and on the Mechanism of 
Polymerization,” Paper in “The Phenomena of Polymerization and Condensa- 
tion : A General Discussion,” p. 316, London, The Faraday Society, Sept 1935. 

33. Wiley, P. E., “Polystyrene for Wartime Eiectronice,” Modern Pla8tio9» 20» No. 12, 
80 (1043). 

34. Wiley, F. E., “Industrial and Electrical Styrene Shapes,” Modern Plastics, 19, 
No. 1,44 (1941). , 

35. Wood, L. A., and Higgins, C. F., “Some Physical Properties of Butadiene and 
Styrene,” U. S. Dept, of Commerce, National Bureau of Standards, Letter Cir- 
cular LO710, 1042. 



Chapter 17 

Pol 3 nrinyl Carbazole 


Monomer 

Under carefully selected conditions, a variety of vinyl compounds can 
be prepared from acetylene by addition of alcohols, amines, mercaptans, 
carboxylic acids, and other compounds across the triple bond. The 
production of vinyl ethers according to this reaction has been discussed 
in Chapter 16. The general equation is; 

(1) R— X— H + HfeCH — *- R— X— 0 =CHj 

H 

where R is an organic radical and X is 0, NR', S, or COg. 

This reaction has been applied with particular success to carbazole, the 
product being the corresponding N-vinyl derivative: 



In this synthesis, alkali metal hydroxides or alcoholates, potasaum 
carbazole, and other strongly alkaline substances are effective catalysts. 
Reaction can be still further facilitated and yields can be increased by 
use of certain auxiliary catalysts in conjunction with the alkaline ma- 
terials just mentioned. Among such secondary catalysts, metallic zinc 
and certain zinc compounds, ammonia, and heterocyclic nitrogen bases 
like pyridine, quinoline, isoquinoline, and their derivatives are especially 
meritorious. According to patent disclosures, reaction is carried out in 
the absence of air under pressures in the order of 20 to 26 atmospheres 
and at temperatures in the neighborhood of 180". The acetylene is di- 
luted with an inert gas such as nitrogen. Ammonia may serve the dual 
purpose of diluent and secondary catalyst. The carbazole is preferably 
reacted in the form of a paste prepared by mixing it with a lower ali- 
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phatic alcohol or glycol, or with a hydrocarbon such as tetralin, decalin. 
benzene, or toluene. 

Vinylcarbazole is a crystalline compound which melts at 66-67“ and 
boils at 170-180“ under 15 mm. 

Polymer 

Like styrene, vinylcarbazole can be polymerized to a linear thermo- 
plastic, a portion of whose structure may be written as follows: 

CHi— CH CHi CH CHj CH GHj CH 

i A 



Polyvinylcarbazole is gray colored to light brown. In thin layers it 
is translucent. It resembles polystyrene in electrical properties, but 
possesses much superior heat resistance and can therefore be operated 
at higher temperatures and under relatively high voltage. It is out- 
standing in low power factor, high dielectric strength, high corona starting 
voltage, and high volume and surface resistivities. Its dielectric con- 
stant is uniform up to ultra high frequencies, varying wuth temperature 
only in accordance with its thermal expansivity. Its water absorption 
is exceptionally low, being comparable with that of polystyrene. It 
possesses poorer mechanical properties, however, than the latter plastic. 
In particular, it is more brittle and exhibits lower flexural strength. 

Polyvinyl carbazole is resistant to dilute acids, alkalies, and hydrogen 
fluoride. It is attacked by concentrated nitric and sulfuric acids. It is 
insoluble in aliphatic and saturated cyclic hydrocarbons, as well as 
turpentine, alcohols, ethers, fatty oils, and carbon tetrachloride. It is 
readily dissolved by aromatic hydrocarbons and certain chlorinated sol- 
vents such as chlorobenzene and o-dichlorobenzene. It dissolves some- 
what less readily in methylene dichloride, ethylene dichloride, and 
trichloroethylene. Ketones and some esters swell it. 

Polyvinylcarbazole is slightly discolored by exposure to light, but it is 
unaffected by oxygen except at elevated temperatures. 

Unplasticized polyvinylcarbazole possesses the remarkable character- 
istic of developing a pronounced macro-fibrous structure upon extrusion 
or injection molding. Where the softened material is forced through an 
orifice, it emerges not as a rod of diameter equal to that of the die, but 
rather as a bundle of individual fine, rigid fibers possessing improved 
strength properties because of molecular orientation. Although this be- 
havior requires consideration in injection molding and extrusion of the 
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plastic, it affords a unique method of improving the mechanical charac- 
teristics of compression molded articles without addition of large amounts 
of plasticizer and without incorporation of extraneous fibrous materials 
of poorer electrical properties. Polyvinylcarbazole fibers, produced by 
extrusion, can be chopped into short lengths and used as a fibrous filler 
for compression molding powders based upon the powdered resin in 
which only sufficient plasticizer is incorporated to make it moldable at 
temperatures slightly below the softening point of the fibers. This un- 
usual method of formulating compression molding powders dictates ex- 
ceptional attention to molding conditions so that neither relaxation of 



Figure 199. Charjictoristic macro-fibrous structure of ex- 
truded polyvinylcarbazole. 


fibers with consequent loss of strength, nor porous moldings with at- 
tendant high water absorption will result. 

Despite its relatively poor mechanical properties, well-molded poly- 
vinylcarbazole can be machined. 

Thin films of this resin can be deposited from solutions in chloro- 
benzene or other solvents. 

Domestic Products. Polyvinylcarbazole is now manufactured in lim- 
ited amounts in the United States by the General Aniline & Film Cor- 
poration under the trade-mark ‘Tolectron.” It is a specialty plastic, 
relatively costly to produce. Various formulations are available for 
different applications. It can be molded by compression and injection 
methods, A special polymer can be formed as thin, flexible, transparent 
sheets and film for electrical purposes. Either alone or in combination 
with other materials it can be used for coating and impregnating applica- 
tions. 

^Tolectron^^ is especially well adapted for service in the fic}d of elec- 
tronics where exacting mechanical requirements are not encountered, but 
where high operating temperatures must be met. 

Properties of ‘Tolectron” RK-102 are given in Table 76. 

Foreign Products. Polyvinylcarbazole has been manufactured in Ger- 
many *by the I. G. for several years under the trade name ‘‘Luvican.^^ 
Three grades have been produced varying in heat resistance; some of 
them are believed to be copolymers with styrene. The most heat-resistant 
type has been marketed under the designation ‘^M-150,” so indicated be- 
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Table 76. Properties of “Polectron^ Polymer RK-102 * 
Dielectric Constant — ^26® 


1 kc to 100 me 

3.0 

Power Factor — ^26® 

1 kc to 100 me 

0,0004-0.001 

after 48 hrs water immersion — 1 mo 

0.0025-0.004 

Dielectric Strength v/mil 

for 0.1 in thickness 

756-1000 t 

for 0.001 in thickness 

3000 

Volume Resistivity — ohm cm 

lOll-lQU 

Surface Resistivity — 25® 

50% Rel. humidity 

IQiMO" 

Linear Coefficient of Expansion per ® C X 10® 

45-75 t 

Heat Distortion Temperature A.S.T.M. 

100-150® t 

Specific Heat 

cal/g/"C 

0.3 

Flexural Strength ( —20® to 80®) 

Ibs/in* 

4500-5500 t 

Impact Strength 

ft Ibs/in of notch 

0.5-1.0 t 

Specific Gravity 

1.2 

Molding Temperature 

Compression 

180-240° t 

Injection 

230-330° t 


* Manufacturers’ Data. General Aniline <& Film Corporation, 
t Depending on plasticizer content. 
t Special compression molded composition. 

cause its heat stability, as measured by the German Martens test, is at 
least 150®, Corresponding Martens temperatures for polystyrene range 
from 64 to 74®. 

Certain physical properties of “Luvican M-150^' are listed in Table 77. 
Inasmuch as values are reported in terms of standard German tests, cor- 
responding characteristics of polystyrene are given for purposes of com- 
parison. 

Injection molded articles can be made from “Luvican” M-150 by 
heating the cylinder of the machine to 250-280® and holding the mold at 
80-130®. 

Principal applications of ‘^Luvican^’ have been in the fields of elec- 
trical insulation and electronics. Its chemical inertness has adapted it 
to use in filter plates. It has also been used as an adhesive for bonding 
mica in the production of pasted mica sheets. 
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Table 77. Comparison of Certain Physical Properties of Polyvinylcarbazole 

and Polystyrene * 


Density 

Flexural Strength (kg/sq cm) VDE 0302 
Impact Strength, Notched Bar VDE 0302 
(cm kg/sq cm) 

Hardness, VDE 0302 (kg/sq cm) 

Heat Resistance, Martens (® C) 

VDE 0302, Vicat (° C) 

Fire Resistance (VDE 0305) 

Specific Resistivity (ohm cms) 

After 4 days at 80% relative humidity (ohm cms) 
Diele(;tric Constant 
800 cycles 
10® cycles 
Power Factor (%) 

800 cycles 
20^ C 
100® C 
150® C 

1,000,000 cycles 
Dielectric Strength 

(50 cycles, 1 mm thickness) 

Arc Resistance 


Polyvi nylcarbazole 
(Luvican M-150) 

Polystyrene 
(Trolitul III) 

1.2 

1.05 

600-800 

800-1000 

ca. 2 

ca. 5 

1400 

1400 

150 

64 

190 

90 

1 

1 

> 3 X 1012 

> 3 X lOw 

> 3 X low 

> 3 X low 

3.0 

2.4 

3.0 

2.4 

0.08 

0.02 

0.10 

— 

0.16 

— 

0.15 

0.02 

— 

50,000 volts 

poor 

very good 


* Collected from Kunstsioffe^ 27, 91 (1937) and 30, 2 (1940), Test procedures are to be 
found in the Vorschriften des Verbandes Deutscher Elektrotechniker E. V.*' (VDE). 
For an English translation of some of these tests as of 1924, see ^‘Artificial Resins,” by 
Johannes Scheiber and Kurt Sandig, translated by Ernest Fyleman, Appendix, pp, 411- 
442, London, Sir Isaac Pitman & Sons, Ltd., 1931. 
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Chapter 18 
Acrylic Resins 

History 

It was the 15th of September, 1940. For three months following the 
cataclysmic collapse of France, the tempo of the Battle for Britain had 
been increasing in fury until, on that day, it reached a climax of 400 
Nazi planes attacking London. As a breathless world looked on, the 
dauntless R.A.F. downed 42 per cent of the invaders and sent the re- 
mainder fleeing back to their airdromes across the channel, a shattered 
and disorganized armada. In an official account of the fighting of that 
day, a British pilot described the end of a dog-fight with a Messerschmitt 
109 in these words: “I saw his perspex burst and the enemy aircraft 
spun down.” 

Popular British adoption of the word “Perspex,” trade-mark of an 
English methacrylate, as equivalent of airplane windscreen bears elo- 
quent testimony to the spectacular manner in which acrylic resins grew 
from commercial infancy to military manhood in less than a decade. 

Although industrial acrylics are of recent origin, their academic pre- 
cursors are of respectable age. Acrylic acid itself was first prepared a 
century ago. The earliest observation of its tendency to polymerize 
appears to have been made by Linnemann in 1872. In the following year, 
Caspary and Tollens prepared not only the acid, but also its methyl, 
ethyl, and allyl esters. They reported that neither the methyl nor ethyi 
ester polymerized on standing for several months in sunlight. They did, 
however, obtain a polymer of allyl acrylate which they described as a 
clear, hard, transparent mass. They also made the penetrating remark 
that in this respect allyl acrylate resembles styrene, certain vinyl de- 
rivatives, acrolein, acrylic acid, and vinylidene chloride, all of which 
had previously been reported to pol 3 rmerize upon being heated. 

The earliest preparation of polymethyl acrylate was carried out by 
the Swiss chemist, G. W. A. Kahibaum. In 1880 he devoted an entire 
paper to a physical-chemical study of this product. It is recorded that he 
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once astonished his fellow-worker, Saufer, with a flexible '^unbreakable” 
beer glass made of an acrylic polymer. From then until the acrylates 
appeared as commercial plastics in the late 1920's, numerous references 
were made in chemical literature to polymers of acrylic acid, methacrylic 
acid, and various derivatives thereof. In 1901, the German chemist, 
Rohm, completed a doctoral study of certain acrylic acid derivatives. 
Eleven years afterwards, he obtained the first patent in this field, and 
finally, in 1927, the firm of Rohm and Haas began limited production 
of polymethyl acrylate in Germany. Four years later still, the American 
associate of this firm initiated manufacture of the resin in the United 
States. It was produced under the trade name “Acryloid” for surface- 
coating applications and under the trade name “Plexigum,” as an inter- 
layer in "Plexite” safety glass — the latter being fabricated by the Ameri- 
can Window Glass Company. 

In England, research by Hill and others for Imperial Chemical In- 
dustries, Ltd., led to development of a methyl methacrylate resin, and 
rights under their United States patents were granted to E. I. du Pont 
de Nemours and Company. 

Late in 1936 the Rohm and Haas Company introduced rigid sheeting 
of methyl methacrylate resin under the name "Plexiglas,” and E. I. du 
Pont de Nemours and Company announced the beginning of produc- 
tion of sheets, rods, tubes, and molding powder under the name "Ponta- 
lite.” This name was subsequently changed to "Lucite.” About a year 
later Rohm and Haas began the sale of molding powder under the name 
"Crystalite,” which was later changed to "Plexiglas.” 

Because of their optical properties, the methacrylates have received 
popular ovation reserved for only a few commercial products. Their 
military applications, especially in transparent airplane enclosures, are 
now of vital importance. As a result of this fact, their production in- 
creased many fold during the recent war. Lack of scratch -resistance is 
one of their most serious drawbacks. Improvement in this respect was 
studied with some success a few years ago by the Norton Company and 
resulted in the temporary innovation of a relatively heat-resistant grade 
of methyl methacrylate sheeting with improved surface hardness. Manu- 
facture of the latter has since been discontinued because its advantages 
have not been, great enough to justify manufacturing difficulties. Other 
grades of heat-resistant methacrylates are currently available. 

Lately the U. S. Eastern Regional Research Laboratory has made valu- 
able contributions to our knowledge of acrylic polymers and copolymers. 

Total production of acrylic resins for 1944 has been estimated at over 
24,000,000 pounds, with total production of acrylic sheeting for the same 
year at more than 22,000,000 pounds. 



468 


CHEMISTRY OF COMMERCIAL PLASTICS 


Chemistry 


Types of Acrylic Resins 
Acrylic acid, 

O 

/• 

HjOCH— C-OH, 

and its functional derivatives such as the acid chloride, anhydride, ni- 
trile, amide, anilide, and various esters polymerize under suitable cata- 
lytic influence to yield substances of high molecular weight. Alpha-substi- 
tuted homologues of acrylic acid and its derivatives also polymerize in 
the same manner. Commercial representatives of the acrylic resins all 
stem from acrylic acid or from methacrylic acid, 

O 

/■ 

H,C=C— C— OH. 

Polymeric esters of ethacrylic and propacrylic acids, 


H5C=C— C 




/ 

'\ 


OH 


in which — R is — CjHg or — C^Hj, respectively, have been prepared, but 
are not manufactured commercially because of their cost, because of the 
sluggishness with which the monomers polymerize, and because of the 
soft and semi-liquid character of the polymers. 

Although small amounts of polymethacrylic acid are manufactured for 
special purposes, the important plastics are all polymers or copolymers 
of esters of acrylic or methacrylic acid and the lower aliphatic alcohols. 
Oil-resistant elastomers are produced by copolymerization of acrylonitrile 
and butadiene, but these products are commonly classed as synthetic rub- 
bers and will be discussed in Chapter 20. 


Monomeric Acrylates 

Many different methods for preparing the monomeric esters of acrylic 
and methacrylic acids are reported in the scientific and patent literature. 
Only one general process, however, is used industrially today in this coun- 
try. It involves hydrolysis, esterification, and dehydration of a cor- 
responding saturated hydroxynitrile, as illustrated in equations 1 to 3 
for the methacrylates. 
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( 1 ) 


( 2 ) 


CHs 

CsN 

(*)H 


H; 


CHa O 

i. 


1 ’ ^ 

,C— C— C— OH- 


CH, O 

I 

-HaC— C— C— OH 
(!>H 

CH, O 

1 ^ 

• HaC— O — C — OH 


)H 


i 


H 


( 3 ) 


C^Ha O 

I /■ 

HaC — C — C— — Oli - 


i: 


H 


CM:, O 

I / 

H2C=C— C--OH 


These three reactions can be carried out either consecutively or simul- 
taneously^ or the first two or last two may be combined. 

The s3mthesis of the nitrile varies with its structure. In the case of 
hydracrylonitrile, it is manufactured by reaction of ethylene chlorohy- 
drin with sodium cyanide. 


( 4 ) CH2OH— CH.2CI + NaCK — CH2OH— CH2— CN, 
or by reaction of ethylene oxide with hydrogen cyanide: 

( 5 ) CH2— CH2 4 - HC^N — CH2OH— CN 

V' 

Both methods are used industrially. 

In the manufacture of esters of methacrylic acid, acetone is converted 
to acetone cyanohydrin by reaction with hydrogen cyanide: 


( 6 ) 


H3C— c;— 4 - HCN 

A 


OH 

H,C— C^— CN 

(i^Ha 


Most of the acetone produced in the United States comes from propylene 
through isopropyl alcohol or from corn starch or molasses by fermenta- 
tion. Hydrogen cyanide used in the manufacture of methacrylic esters 
may be obtained either by the action of acid on alkali or alkaline earth 
cyanides, or by catalytic dehydration of formamide which, in turn, is 
produced from an alkyl formate by reaction with ammonia. 

The Sinclair Refining Company has recently developed commercial 
production of a variety of aliphatic nitriles, currently marketed by the 
Harshaw Chemical Company. These compounds appear to be manu- 
factured catalytically from ammonia and various petroleum hydrocar- 
bons. Acrylonitrile and methacrylonitrile are among the products now 
being offered to the trade. 
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Another method of manufacture of certain acrylic acid esters is cur- 
rently under investigation in the Government's Eastern Regional Re- 
search Laboratory. It is directed toward the production of these com- 
pounds from lactic acid, obtained by fermentation of molasses, corn 
sugar, or milk sugar, availability and cost being the determining factor 
in the selection of raw material. Considerable promise is held for this 
process, which involves pyrolysis of the acetate of a lactic acid ester, 
such as methyl lactate: 

(7) HOCH(CH,)— CO 2 H — H0CH(^GH8)— CO 2 CH 3 

CH,=CH— COjCH. -« — H,C SoOCH(CH,)— COjCH, 

650® C 

The pyrolysis method is suitable for making methyl, tetrahydrofur- 
furyl, phenyl, tolyl, benzyl, and certain other acr>dic esters, but is not 
applicable to the direct preparation of ethyl acrylate and similar higher 
alkyl acrylates. 

A war-time development in Germany was the production of acrylic 
acid by reaction under pressure of acetylene, water, and carbon monoxide, 
using nickel carbonyl as catalyst. By using ethanol instead of water, 
ethyl acrylate was manufactured. Another recent German development 
in this field was large-scale production of acrylonitrile by direct addition 
of hydrogen cyanide to acetylene in aqueous hydrochloric acid solution, 
using a copper acetylide catalyst modified by addition of an alkali metal 
chloride. 

Characteristic properties of the more important monomeric esters of 
acrylic and methacrylic acids are given in Table 78. 


Table 78. Characteristic Properties of Esters of Acrylic and Methacrylic Acids 


Ester 

Boiling Point 

rc) 

SpeoiSo 

Gravity 

Refractive 

Index 

Methyl acrylate 

80 

0.954 

(20/4) 

1.4040 (dd*®) 

Ethyl acrylate 

99.5 

0.923 

(20/4) 

1.4068 (nn*®) 

n-Propyl acrylate 

44 (40 mm) 

0.9078 

(20/4) 

1.4130 (dd") 

n-Butyl acrylate 

35 (8 mnd) 

0.8998 

(20/4) 

1.4190 (no*®) 

Methyl methacrylate 

100 

0.950 

(15.6^/15.6“) 

1.417 (ni>“ •) 

Ethyl methacrylate 

117 

0.913 

(15.6715.6") 

1.414 (no*® ®) 

n-Propyl methacrylate 

141 

.0.902. 

(15.6"/15.6") 

1.420 (nj)“ «) 

Isobutyl methacrylate 

155 

0.889 

(15.6"/15.6') 

1.422 (ni>“ ®) 

n-Butyl methacrylate 

168 

0.889 

(15.6"/15.6") 

1.426 (nD« ‘) 
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According to Rehberg and Fisher, the density (d 4 ®®) and refractive in- 
dex (njj*®) of the n-alkyl acrylates are given by the equations: 

M/d » - 9.5 and M/n = 0.6786Jlf + 3.363, 

respectively, where M is molecular weight (see also Figure 200). 



Figure 200, Refractive indices and densities of the monomeric n-alkyl 
acrylates. {Rehberg and Fiaher '^^) 


Polymers 

Factors Influencing Polymerization. The polymerization of esters of 
acrylic acid and methacrylic acid appears to be a chain reaction inas- 
much as polymers of low molecular weight cannot be isolated during the 
reaction — only monomer and high polymers can be found present at any 
given instant, regardless of the extent of polymerization. The resulting 
polymers possess a linear structure, a segment of their chain correspond- 
ing to the general formula 


R R R R 

— CH,— <!:— €Hs— (Iv-CHs— (i— 


1 0 

1 ^ 

1 ^ 

1 0 




y 

y 

1 

C 


^OR' ^OR' 


where R is either H, in the case of the acrylates, or CH3, in the case of 
the methacrylates. 

Polymerization of the acrylates is more rapid than that of the cor- 
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Feaponding methacrylates under the same conditions. Both reactions are 
strongly mcothermic and autocatalytic. For methyl methacrylate the 
heat of polymerization is about 80 calories per gram. 

The polymerization of monomeric acrylates and methacrylates is 
accelerated by heat and light and such catalysts as oxygen, ozone^ per- 
oxides like those of the hydrogen, acetyl, lauroyl, succinyl, and benzoyl 
radicals, salts of perboric acid and persulfuric acid, and sulfur dioxide. 
Hydroquinone, pyrogallol, and related compounds inhibit polymeriza- 



Figure 201. Effect of oxygen on the polymerization of methyl methacrylate at 
65® in the dark. (Peroxideis removed with triphenylmethyl. Methyl methacrylate 
distilled in absence of air and sealed in Pyrex tubes.) {E, /. du, Pont de Nemours 
ik Co.*) 

tion. The former, especially, is used for this purpose in commercial 
handling of the monomers. Oxygen-free methyl methacrylate, from 
which oxygen has been removed by means of triphenylmethyl, for ex- 
ample, does not polymerize appreciably in the dark at temperatures be- 
low 100®. At higher temperatures, polymerization occurs even in the 
absence of both light and oxygen. The catalytic effect of the latter at 
65® is shown in Figure 201. 

Oxygen in excess, however, may inhibit both photochemical and 
thermal polymerization of methyl methacrylate. Barnes has attempted 
to explain this behavior on the basis of the following reactions: 
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(8) M+UVL — >-M* 

(9) (o) M • + 0» — MOf (preferred reaction) 

(6) M* + M — »-MM* + M— »-MMM*etc. 

Where oxygen is present in large excess, all activated monomeric mole- 
cules are at once consumed by formation of peroxide. According to this 
theory the erratic induction period behavior of various monomers in 
the presence of air can be explained as well as the formation of a soft 
or fluid layer at the surface of an otherwise hard mass of polymer — 
often found on polymerizing methyl methacrylate and other unsaturates 
in the presence of air. This .«urface effect is particularly significant indus- 
trially in the casting of certain cintact resins (see Chapter 19) . 

The influence of heat and light, as well as of oxygen, on the rate of 
trially in the casting of certain contact resins (see Chapter 19). 


Table 79. Effect of Oxygen, Heat, and Light on the Polymerization of 
Methyl Methacrylate® 


Temperature 

(^C) 

oxygen Pressure 
(atm) 

First 

Time (hr) Required for 
Polymerisation of 

First 

Second 

5% 

25% 

26% 

30 

0.0 

300 

— 

— 

30 

0.1 

300 

— 

— 

30 

1,0 

300 

— 

— 

65 

0.0 

200 

— 


65 

0.1 

14 

35 

13 

65 

1.0 

10 

22 

8 

100 

0.0 

200 

— 

— 

100 

0.1 

1 

2.8 

1.8 

100 

1.0 

0.75 

1.2 

0.5 

170 

0.0 

13 

68 

70 

210 

0.0 

6 

32 

— 

Light at 35 

0.0 

240 

450 

— 

Light at 35 

0.1 

41 

75 

14 

Light at 35 

1.0 

92 

108 

12 


The effect of temperature and concentration of catalyst on the length 
of the induction period before polymerization begins and on the time re- 
quired for 96 per cent polymerization is shown in Table 80. 


Table 80. Effect of Temperature and Catalyst on Polymerization of 
Methyl Methacrylate® 


(50 Volume Per Cent Methanol and Water) 


Temp. 

0.0% Catalyst 

Time (hr) 

0.1% Catalyst 0.5% Catalyst 

1.0% Catalyst 

ro 

Induction Polymerisatioii 

Ind. Polym. 

Ind. Polym. 

Ind. Tdym. 

65 

50 

70 

4 10 

1 4 

0.5 2.5 

80 

0.6 

3 

0.2 1 

0.1 0.5 

0.1 0.3 


The rate of polymerization of methyl methacrylate decreases as the 
solution of monomer becomes more dilute. Furthermore, the molecular 
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weight of the polymer decreases as reaction progresses. The influence of 
concentration on the rate of polymerization in benzene solution is shown 
in Figure 202. 

Not only the rate of polymerization of acrylic esters but also the nature 
of the polymer depends on the temperature, the presence or absence 
of light, the nature and concentration of the catalyst, the nature and 
concentration of solvent employed, and the presence or absence of other 



10 20 30 40 50 60 70 80 

POLYMERIZATION TIME IN DAYS 


Figure 202. Rate of polymerization of methyl methacrylate in benzene solu- 
tion at 66“. (Strain®®) 

impurities. The effects of some of these factors on molecular weight and 
character of poly ethyl acrylate are shown in Table 81. 

In accordance with the rule which is generally applicable to addition 
polymerization, the more concentrated the solution of monomer in a 
given solvent, the higher is the molecular weight of the polymeric acry- 
late. Tables 81 and 82 both illustrate this fact. 

The nature of the solvent exercises a specific effect on both .the rate of 
polymerization and the molecular weight of the polymer, as shown in 
Table 83 and Figure 203. 

As brought out by Table 81, the molecular weight of a polyacrylate is 
smaller, the higher the temperature at which polymerization is carried 
out. This effect is further illustrated by Figure 204, which likewise shows 
that the molecular weight of polymethyl methacrylate is smaller, the 
greater the concentration of catalyst used in forming it. 
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Figure 203. Rate of polyinerization of methyl methacrylate at 65® in 20 per cent 
solution in various solvents. {Stram^'O 





Table 81. Effect of Various Conditions of Polymerization on the Molecular Weight of Polyethyl Acrylate 
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Polymerization of the acrylates can be carried out with or without sol- 
vent, in aqueous emulsion^ or by granulation during temporary suspen- 
sion of droplets of monomer in a non-solvent such as water. Other 
methods such as vapor-phase photochemical polymerization have been 
studied, but are not used commercially. 

The Carbon Skeleton of Acrylate Resins. Several unique metatheti- 
cal reactions have been carried out by Staudinger and his collaborators 
whereby these authors were able, for the first time, to convert a high 
polymer of a given series into one of a different type, thereby confirming 
the presence of a linear carbon chain in each. Polymeric esters of acrylic 
acid can be saponified with diflSculty to yield polyacrylic acid. More- 
over, although polyacrylic acid can be esterified directly only with dif- 
ficulty, it can be transformed into polyethyl acrylate by reaction of its 
salts with ethyl iodide. In the case of hemicolloids, these metatheses oc- 
cur without decrease in chain length of the polymer. In an entirely dif- 
ferent series, long-continued action of ozone upon a carbon tetrachloride 
solution of polystyrene converts the latter into a mixture of di- and tri- 
ozonides. On boiling with water, the ozonides are hydrolyzed into soluble 
keto aldehydes and acids. On oxidation with concentrated nitric acid 
(which is without effect on polyacrylic acid) the reaction mixture is 
converted into a polybasic acid of high molecular weight, having the 
composition and properties of polyacrylic acid. This series of reactions 
is shown below. 



Marvel and Levesque later obtained polyacrylic acid from a polymer of 
a still different type — polyraethyl vinyl ketone — by oxidation with so- 
dium hypochlorite: 


- --OHr-OH— - 


r— CHa-OH— T 

1 

^ 

K 

CH, 

NaOCl 

\ 


z 

OHj. 
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General Properties of Acrylic Resins. The physical properties of the 
acrylic resins vary with the nature of the acid and alcohol used in the 
monomer and with their degree of polymerization. Methacrylates arc 
harder than the corresponding acrylates. The higher the molecular weight 
of the alcohol component, the softer is the polymer, provided the chain 
is not branched. The greater the branching of the alkyl group, the higher 
is the softening point in a given group of isomeric polymers. Polymethyl 
acrylate is somewhat soft and rubber-like. Its films are tough and may 
exhibit as much as 1000 per cent extensibility before rupture. The 
lauryl derivative is a soft, tacky solid at room temperature. Polymeric 



0 2 4 6 8 10 12 14 16 

CARBON ATOMS IN THE ALKYL GROUP 


Figure 205. Brittle temperatures of the polymeric n-alkyl acrylates. 

(Rehberg and Fisher 

cetyl acrylate is a wax-like product which softens at about 35°. Other 
polymers fall between these limits. The relation between brittle point 
of polymers and the nature of the alkyl group of acrylic esters is shown 
in Figure 205. The effect of branching of the alkyl group is well illus- 
trated by comparison of the four polybutyl acrylates. The normal de- 
rivative is soft and somewhat sticky. The isobutyl compound is harder 
and tougher, while the secondary butyl polymer is still harder, more 
nearly resembling the methyl ester. Finally, in polytertiary-butyl acry- 
late, pliability has almost completely disappeared. It is hard, tough, and 
somewhat brittle. It is the hardest of all the purely aliphatic acrylates. 
Cyclic esters, like cyclohexyl acrylate, give rise to hard, tough polymers. 

The same generalizations apply to polymeric esters of methacrylic 
acid, as shown in Table 84. 



Table 84. Properties of Methacrylate Esters 
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i4fe-JBPMNMailed comparison of several physical properties of methyl, 
n-butyl, and isobutyl methacrylate polymers appears in 


Taisia Properties of Polymers of Various Methacrylic Esters® 


Property 

Methyl 

Ethyl 

Normal 

Propyl 

Normal 

Butyl 

Isobutyl 

Deaait(y-^ 

1.19 

1.11 

1.06 

1.05 

1.02 

TTsirdaew (Huwl) •— g at 25“ 

220 

141 

100 

1 

210 


125 

65 

38 

30 

70 

T«aai»aimac(A^lb/sq in 

9,000 

5,000 

4,000 

1,500 

3,400 

cm/cm® 

10.5 

7.1 

6.5 

11.5 

1.6 

ReiraeMv^ 

1.490 

1.485 

1.484 

1.483 

1.477 

Extensili^ity — ^5 mil films (% at break) 

4 

7 

5 

230 

2 

l^btectri^ — ^volts/mil 

(thickQ08%^ in) 

98 

174 

76 

1,000 

23 

740 

— 

650 

625 

— 

Pow^ cent at 25"^ and 60 






eyoka> 

6.5 

— 

3.8 

6.2 

— 


* CtavfiBerj ®*PSysical and Chemical Examination of Paints, Varnishes, Lacquers and 

Colero,'?® p* 300. 

218 fl936). 

• Aiwa ronfira^-elonKation curves, expressed in arbitrary units. 

0 « 

Polyni^llMrylates become rubber-like above their softening point, but 
<k> not doai^lKCiose below 200°. Above that temperature, gradual decom- 
pesiticm setCMn. Between 360° and 450° nearly quantitative depolymeri- 
zatioQ can' be- carried out with very little carbonization. The monomeric 
ester Um»,o|ltained can be purified and reused if desired. Advantage is 
taken a£ t^ip»fact industrially in the depolymerization of polymer scrap 
by toeeUtgiUpspon a bath of molten lead for regeneration of the monomer. 

MixtuiWt >of polymeric acrylates and methacrylates have not been 
found teeboieally useful; in fact, the resins are often incompatible with 
eneb atiiee».. On the other hand, some control over properties can be ex- 
erensod by ^oopolymerizing various monomers. 

Jn-imiinid, the greater the degree of polymerization of a given resin, 
thm priwtim in its tensile strength and the more rapid is its recovery after 

Esters of Acrylic Acid. Methacrylates have thus far 
pWiedMbl'fieatest technical importance and will be discussed in more 
d^MIrlllMeiBnection with commercial products. The acrylates are now 
~~.nif 71 Tri..m>^ri attention than formerly. The preparation and properties 
^ bUMF 'H^rylic esters have been described recently. Emulsion poly- 
aigjfllliliiiMi’of acrylic esters has been discussed in detail in the chemical 
'ftbtte of the emulsions thus prepared are sufficiently stable for 
apilbeu^OB: by dipping, brushing, spreading, or spraying. Ammonium 
||,pfeferred as the catalyst for emulsion polymerization. 
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Benzoyl peroxide has been used to pol 3 nnerize monomeric actylie4esterB, 
and it is now known to function as a cross-linking agent at about 
or higher when present in acrylic polymers. Cross-linked films can be 
prepared by spreading a solution containing polymethyl acrylate and 
benzoyl peroxide ( 2-5 per cent by the weight of polymer) on a suitable 
surface, allowing the solvent to evaporate, and then heating the resulting 
film at about 80° for 10 minutes or more. 

Benzoyl peroxide, or preferably a mixture (such as “Luperoo” A) 
containing benzoyl peroxide, can be incorporated into polyethyl acry- 
late on a standard rubber mill. A soft, rubberlike material is obtained by 
heating. 

Synthetic elastomers superior in certain respects to natural rubber 
can be made by vulcanizing polymers and some copolymers of ethyl 
acrylate. Although polyethyl acrylate can be vulcanized with benzoyl 
peroxide or quinone dioxime and red lead, the preferred method is to 
vulcanize a copolymer of 95 per ceht ethyl acrylate and 6 per cent chloro- 
propyl acrylate. The purpose of the chlorine, like unsaturation in natural 
rubber, is to facilitate vulcanization. The chlorine-containing copoly- 
mers have been vulcanized with (1) sulfur and certain accelerators, 
(2) quinone dioxime and red lead, (3) dinitrobenzene and litharge, 
(4) benzoyl peroxide, (5) “Polyac” (polymerized nitroso compound), and 
(6) certain amines such as triethylene tetramine or p-phenylene diamine 
which can function both as accelerators in the presence of sulfur, or as 
vulcanizing agents in their own right. Flex life and cut-growth resistance 
of the acrylic vulcanizates are outstanding, and in these properties acry- 
lic vulcanizates are highly superior to GRr-S synthetic rubber. Acrylic 
vulcanizates are equal to GR-S in milling characteristics, curing rate, 
available curing methods, tensile strength at normal temperatures, re- 
tention of tensile at 212° F, resilience at 212° F, and permanent set. 
Acrylic vulcanizates, designated as “Lactoprene” in the Eastern E^ional 
Research Laboratory, are superior to GRr-S in oil resistance, heat i^ktg, 
resistance to oxidation and aging, and ease of preparation, storage, and 
processing. 

Polymeric Acrylic Acids. Acrylic acid and methacrylic add are both 
capable of polymerizing under suitable catalyiic influence to yield hard 
materials which, depending on their molecular weight, either dissolve in 
water or only swell therein to rubber-like masses. Unlike pdyaeiylate 
esters, these products of high molecular weight are ionizaUe aiid> hi 
aqueous and neutralized solutions, behave as heteropolar colloids, idee 
the proteins. On addition of excess alkali (2N) , their viscototy rdadoBS 
become normal Jike those of homopolar high polymers. 

Polymeric methacrylic acids are available commercially, bot hnve not 
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yet found e*tensive use. It is reported that scratch- and heat-resistance 
of me&acxyliate resins are considerably improved by copolymerizing 
metbaerylie acid or its anhydride with monomeric methacrylate esters. 

Commercial Products 

Cast Shapes 

Manufacture. The acrylics have achieved outstanding success in the 
form of cast sheets, rods, and tubes. Polymethyl methacrylate and 
oopolymtsrs methyl methacrylate and ethyl acrylate are commercial 
representative! of this class. Domestic methacrylates are sold under 
the trade-maAs “Lucite” and “Plexiglas,” the former being that of 
du Pont, andf'he latter that of Rohm and Haas. 

Polym^ruBa^on of methyl methacrylate monomer is accompanied by 
evolution of Meat and shrinkage, both of which are obstacles to the 
preparation on castings free from flaws. 

The heat waich is developed by polymerization tends to accelerate the 
reaction and tlms gives rise to the production of more heat; consequently, 
the reaction ^nds to run away. If the temperature developed within 
the mass exoe#ds the boiling point of the monomer, the casting is marred 
by bubbles. The fact that the material is a poor conductor of heat con- 
tributes to difficulties of avoiding overheating of the center of any mass 
and makes this difliculty greater, the greater the minimum dimension of 
the mass. 

Shrinkage idf more than 20 per cent during conversion of monomer to 
polymer mu^ be guided in the proper direction in order to prevent de- 
velopment c^objectionable voids when this shrinkage is allowed to take 
place in random manner. 

Early in the work with methyl methacrylate, several methods were 
developed fqr preventing the formation of bubbles. It was found that 
ccmtrol of reaction was facilitated if the vessel containing the material 
undergoingv polymerization was surrounded by a liquid of high specific 
heat {e.g.f uater) instead of air. This liquid serves initially to impart 
to the vesBti the heat required to start polymerization and then, by 
virtue of its liifgci heat-capacity, to abstract excess heat from the vessel. 
Another ati^iod of checking reaction in order to prevent it from getting 
out eontrol (^prises alternate heating to initiate or promote poly- 
jMOd to check it again. Another procedure, which 

pisevaxts tiM devdopaaicnt of bubbles and also controls shrinkage by 
iindthl^it to tbevertiiil dimension, is that of pouring and polymerizing 
ememAw layewt 'Sideprocess has the disadvantage of consuming con- 
tiasA. 
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Formation of bubbles in masses of methyl methacrylatefeiilfe^ 
merization can be suppressed by application of pressurl'^%0ifede*lfc to 
prevent volatilization of the monomer. Application of priteill^ m msm 
cases suffices also to prevent random shrinkage of the mOes by keeping 
it at all times squeezed out into contact with the vertical walls of the 
container, thus confining all shrinkage to the vertical diimwasion. 

In various processes of making shapes of methyl methseir^ate resin 
by casting, it is found advantageous to cast a “syrujf* iwtlier than 
monomer. Syrups are prepared by partially polymerizing the monomer 
to form a viscous but pourable liquid. There are several|||(i#l^W^^ in 
using syrup instead of monomer; namely: 

(1) Monomer does not begin to polymerize appreciaW^ Until after 

a certain “induction period,’^ and this period is of differeM (lengths with 
different lots of monomer. Time in the mold is saved bwl(IW?ting with 
syrup, which proceeds promptly to polymerize and whicl cem- 

tains some polymer. 

(2) Viscosity of the syrup reduces problems of leakage ^Uipm^t. 

(3) A minor advantage lies in the fact that because sor fel polymeriza- 

tion has already been accomplished in the syrup, the shi pjfenge in vol- 
ume from syrup to polymer is slightly less than froir ' monomer to 
polymer. | 

When plasticizer is used, its presence also reduces slightly the amount 
of shrinkage. 

Cast sheets are produced by assembling two highly fpolished glass 
plates in parallel position, separated by means of a contoiiOUfi rubber 
tube or solid strip running around their periphery. The cMprOesibility 
of this rubber separator assures constant contact of the|w8oiooth glass 
surfaces against the resin as shrinkage progresses during p(|lyiiieTizatton. 
The rubber is wrapped in cellophane to protect it from icontact with 
monomer. The glass plates are clamped lightly together and partially 
polymerized methyl methacrylate, with or without plasticiser, md wn- 
taining a peroxide catalyst, usually benzoyl peroxide, is rm iikto the 
cell. The open ends of the rubber separator strips are lajiped and file 
assembly is then turned over into a horizontal position, emtt to 
free the contents from any occluded bubbles. The unit is 
allowed to stand at an elevated temperature until 
complete. The glass plates and separator strip aie then Md 

the sheet of plastic, which has acquired the hi^ 0o!ieh olldbe fi^ 
faces, is at once protected from scratching by covering it eH iMm 
with a pressure-sensitive adhesive paper. The flatter h fetiinwi-iwi # 
covering until jservice requirements dictate its M that tilM 

it can be readily stripped clean, foiled, and stacked fw 
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voMM* was formerly employed as an adhesive on this masking 
paiMKr. Ihiriisg World War II, a synthetic substitute was developed. 
Mofwvar^ prettective sprays have been evolved which can be applied 
wiiluHxt injury to shaped methacrylate enclosures and which can sub- 
secpa^mtly be washed off with water. Because of the ease with which 
polymethyl methacrylate is scratched and because of the fact that most 
of it» appfications are optical, careful handling of this plastic to prevent 
scratches is a serious and important precaution which must be painstak- 



Figure 206. Inspection of cast “Lucite” sheeting. 


ingly observed in manufacture as well as in later shaping and fabricating 
operations# 

Methaeryiate rods are cast by means of an ingenious procedure cov- 
ered by United States patent 2,057,674. During the casting process, the 
mass beeomee fairly rigid before polymerization is finished and hence 
befcM dhfblitage has ceased. If polymerization is proceeding to com- 
pletim simultaneously m all parts of the mold, pressure alone will not 
suSbe to control shriidtage in a mold of considerable vertical depth, such 
as tkat required for making long rods. In this so-called immersion 
metiiod, poIyiOeritaticai is caused to begin at the bottom of the mold and 
proeeed gradnafiy upward. At any one time, polymerization is going on 
actively only iii a relatively shallow zone, while the material above this 
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zone is maintained in a liquid condition to insure transmitt|[|4o^ 4iM>«aDje 
of polymerization of the pressure required to prevent horiMHital shimak*> 
age. Gradual raising of the zone of polymerization is acflj^plidbeid iiy 
correspondingly gradual immersion of the mold in hot Iiii4i(a‘» aad the 
depth of the zone of polymerization is restricted by diaosi^ing « blAst 
of cold air on the mold above the water level. ;>>- 

In practice, aluminum tubes of uniform bore serve afAOids. Those 
tubes are fastened into circular headers, top and bottom, 4iho numbor of 
tubes varying with the size of rod to be cast. In the case of %-inch ,rod, 
there may be as many as 600; in the case of 2-inch rod|||gi^j||iiy as 20. 
The central section of this multi-rod mold is left free for a||^*Mast and 
water spray to enter at the top. Both top and bottom hetHng .«re sealed 
by means of solid plates of the same diameter. The nBIte-rod mold, 
in a vertical position, is lowered into a vat the bottoJ pK . .-^hich is 
covered with hot water. The water level in the vat can I p j^iiBted by 
raising or lowering the elbow of a curved exterior hose to the 

bottom of the tank and elevated automatically with a scripp»chanism. 
The surface of the hot water inside the tank is covered & floating 
plug in the central portion and with a layer of wax elsewlfi^-^This pro- 
tection keeps down steam from the water, which may K^Ktiied to a 
temperature of 190° F, and acts as a barrier between the Iwiar.'bot zone 
where polymerization occurs and the upper cold zone w1|Pb -the sylTip 
must be kept fluid so that it will fill the aluminum tub^, as shrinkage 
occurs during resinification. ■ 

Partially polymerized methyl methacrylate containing*«^l^ 10 per 
cent of dibutyl or diamyl phthalate as plasticizer and the quan- 

tity of benzoyl peroxide is run into the tubes. Throughoi^»<[^ymeriza- 
tion, direct connection of the tubes, through the top heaHir^ is main- 
tained with a refrigerated reservoir of partially polymerized syrup which 
is forced into the mold under moderate pressure by means of a bellows- 
type pump free from moving parts which might become abraded and 
contaminate the resin. 

During polymerization, a blast of cool air and a water ap^y is sent 
down the central main. The water level is slowly raised poly- 
merization, which requires some four to six hours for rod, ap- 

proximately four feet in length, and ranges upward to about twenty- 
four hours for 2-inch rod of the same length. By ^us maba^inins ,a 
cooled zone above the wax floating on the water, and a hot zone b^w 
it, polymerization of methacrylate inside of the tubra is made to 
upward gradually as the hot water level rises. The material inridb.$d 
the tubes above this level is thereby held in a li(|i^.state and the 
are continuously kept full of syrup entering at t|e top .uoder 
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Afi^r comptetion of polymerization, the mold is raised from the vat and 
oooledi and the rods are removed mechanically. Because the plastic pos- 
sesses a greater coefficient of thermal expansion than aluminum, suffi- 
cient shrinkage away from the metal occurs during cooling to permit 
removal. This differential shrinkage amounts to between two and three 
thousandths of an inch in the case of %-inch rods. Below this diameter, 
removal is impractical, and hence recourse is had to extrusion for smaller 
rods. 

Rods having a mother-of-pearl effect, especially favored for fabrica- 
tion of beads and other jewelry, are produced by mixing ''pearl essence^' 
with the methacrylate syrup before polymerization. "Pearl essence” is a 
resinous dispersion of minute fish scales. 

Cast tubes are manufactured by centrifugal methods whereby the 
polymerizing fluid is distributed in uniform thickness over the interior 
walls of closed aluminum tubes rotating on a horizontal axis at 200 to 
300 rpm and heated by means of a hot water spray. Partially poly- 
merized methacrylate syrup is used in this instance, also, although the 
extent of permissible polymerization is less than in the case of rods and 
sheets. Miscellaneous cast objects can be produced from methyl meth- 
acrylate by observing precautions so that the mold will be maintained 
full as polymerization progresses. As will be mentioned later, botanical 
or zoological specimens may be imbedded in polyethyl methacrylate by 
using casting technique. 

Properties. Most of the applications of cast methacrylates are at- 
tributable to their unique optical properties. They possess a degree of 
transparency rivalled by no other plastic and excelled by no other sub- 
stance. All wave lengths of visible light, i.e,, from 3600 to 7200 Angstrom 
units, are transmitted, the percentage transmission being 90 to 92, while 
the optical density is about 0.036. Permanence of transparency is ex- 
cellent. After 700 calendar days of exposure at 40® N. latitude, com- 
prising 200 full sunshine days, it has been found, for example, that the 
transmission of white light by a ^/i-inch sheet of methacrylate sheeting 
decreases only 1 per cent, with no appearance of haze. After 2000 hours 
of exposure in an Atlas Fade-ometer, a slight haze appears, with eight 
per cent decrease in transmission of white light. Decrease in transmission 
of blue light is somewhat greater and is more pronounced as the wave 
lengths become shorter. This effect is known as solarization. Transmis- 
sion of ultraviolet is shown in Figure 207 and is there compared with 
transmissivities of other transparent substances. On continued exposure, 
uttpbaviolet transmission decreases until it reaches an approximately con- 
vallio after two or three months, at which time fluorescence be- 
comes apparent. Sheets of ^4"inch thickness, for example, having an 
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initial ultraviolet transmission of 76 per cent, decrease in 
to about 50 per cent. The absorption of x-rays by polymethyla^BfitaiiSf!* 
late is comparable to their absorption by human flesh. irtlA.i' ' * 

QiMt: 


ilMf wMi « A 



WAVELENGTH IN MILLIMICRONS 


Courtesy Umt fe. 

Figure 207. Comparison of the ultra-violet transmission of polymethj^j||{i|j^ll|in 
(“Plexiglas”) with some inorganic transparents. 



The perfect clearness of methyl methacrylate resin and 
take a high polish make it useful in optical and il l iii uin it Hi i i * l ii il# P 
based on total reflection of light. If a smooth-surfaced 
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fesin is curved on a radius large enough so that a beam of light enter- 
mg it axially makes with the curved surface an angle of which the 
tangent is not larger than the index of refraction of the resin^ the light 
is totally reflected within the rod, and the rod will carry light around a 
comer in the manner illustrated diagrammatically in Figure 208. In the 
case of an angular bend, the deviation from 180° should be 42° or less, 
curves should not be formed to an outer radius of less than three times 
the thickness of the sheet or the diameter of the rod. 

No light is visible from within the rod, because the resin, being com- 
pletely clear, contains no foreign particles which would divert the light 
from its path within the rod and cause it to escape by impinging upon 
the surface at an angle larger than the limiting one. 

Lig^t can, however, be caused to escape at predetermined areas of 
the surface by roughening these areas by sanding or engraving, so as 
to produce surfaces at such angles that light impinges upon them at 
greater than the limiting angle. This method of producing illuminated 
areas is used in making edge-lighted signs, instrument panels, surgical 
instruments, and other devices. 

A serious drawback of the methacrylate resins which has prevented 
more general application where a transparent shatterproof material is 
desired lies in their lack of abrasion-resistance. To some extent this 
property is a function of hardness, but it is also dependent upon other 
properties such as elastic modulus, toughness, and heat-resistance. Cast 
methacrylates show a Brinell hardness of 18 to 23 (500 kg, 10 mm ball), 
a Rockwell M hardness of about 94, a Rockwell H hardness of about 60, 
and a Vickers hardness of 18 to 20. On Mohs’ scale they lie between 
g]rpeum and calcite, having a value of 2 to 3. They will scratch alumi- 
num, copper, and tin. The Bierbaum number of cast methacrylate is 
from 15 to 18. 

Recent developments in cast as well as molded methacrylates have 
resulted in substantial improvement of surface hardness. Products are 
at present available in limited amounts. They are partially crosslinked 
by copolymerization of a small amount of a doubly unsaturated mon- 
(Httcr, such as methacrylic anhydride, with methyl methacrylate. These 
remos also possess greater heat-resistance and are less readily shaped 
than the linear methacrylates already described. 

Because of the fact that the methacrylates are thermoplastic, they 
soften at sufficiently low temperatures to permit shaping. On the other 
hand, because of their thermoplasticity, it is necessary to adjust the 
design of tools and speed of machining so that the plastic will not ball 
up. Undo* i»oper operating conditions, methacrylates can be readily 
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sawed, drilled, threaded, tapped, and otherwise machined. As with moKt 
plastics, the thermal coefficient of linear expansion of cast methacrylates 
increases with rising temperature, as shown in Table 86. 

Table 86. Linear Coefficient of Thermal Expansion of Cast "Lucite” Sheets’ , 

Linear Coefficient of 
Temperature Ranse (^C) Thermal Expansion 

per ® C X 10“‘ 

- 75 to ± 0 6.4 

±0to + 25 8.2 

•f 25 to + 60 9.4 

After attaining equilibrium under normal atmospheric conditksUi, 
methacrylates contain approximately 0.5 per cent of moisture, (fe loSg 
continued exposure of these resins to water at temperatures up td^lWbbut 
60°, they reach an equilibrium after absorption of about 1.5 
of water by weight. They are resistant to attack by water and 4iiutie 
aqueous solutions of most chemicals, including acids and bases, 
regia excepted. They are unaffected by aliphatic hydrocarbons, f«Uy 
oils, glycerol, and glycol. Specific solvents include acetone, trichltaw* 
ethane, chloroform, ethylene dichloride, furfural, and toluene. In general, 
the methacrylates are more or less readily attacked by many alcohols, 
esters, ketones, aromatic hydrocarbons, chlorinated solvents, phenols, 
carbon disulfide, and lead tetraethyl. 

Because of their extensive use in airplane windscreens, the streogi^ 
characteristics of the methacrylates under varying weather conditions are 
important. Although moisture does not exercise much infiuence on tliese 
properties, temperature often does. Tensile strength of the methacrylates 
increases rapidly as the temperature drops. This effect is brought out 
for “Lucite” in Figure 209. 

The effect of the rate of loading is equally marked; the more sloarly 
the load is applied, the lower is the tensile strength. This situation can 
be attributed to fatigue, a factor of utmost importance in engineering 
applications of plastics, especially where vibrations are encountered al^ 
for example, in airplane windscreens. 

According to the manufacturer,^ “Long-time tension tests, in 
the test bar supports a dead weight, indicate that ‘Lucite’ will not wlUk* 
stand indefinitely a tensile stress greater than one-half the amount whteb 
is given on the stress-strain curve as the breaking load when measured at 
a testing speed of 0.05 inch per minute. The stress-strain graph, Fig* 
ure 209, can thus be used to obtain approximate values from the break- 
ing load given at each temperatiu'e. . llius, at 68° F, tbe In^aking load 
is 8,000 pounds, indicating a fatigue tendile strengili of 4,000 fKAinds 
per square inch. Allowing the conventional factor of safety of two, the 
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Figure 209. Stress-strain curves for cast ^^Lucite” at different temperatures under low 
testing speed. (ASTM D229-39T. No load cross-head speed: 0.05 inch/min.) 


operating tensile strength is then 2,000 pounds per square inch. Design 
based upon a fiber stress of 2,000 pounds per square inch, however, 
makes no allowance for a decrease in tensile strength with a rise in 
temperature. Furthermore, the desirable optical properties of cast ^Lu- 
cite' may be lost by ^crazing,' i.e,, the development of a network of 
tiny cracks which appear when transparent plastics are subjected to ex- 
cessive fiber stress. For these reasons, the design of members subjected to 
continued loads should avoid fiber stresses in excess of 1,000 pounds 
per square inch for temperatures below 77° F. From 77° to 100° F a 
maximum operating fiber stress of 650 pounds per square inch is recom- 
mended.” 

Another factor affecting tensile strength of cast methacrylate sheets 
is the nature of the shaping operations. A limited degree of molecular 
orientation may be caused by various shaping procedures, resulting in 
an increase of strength in one direction attended by a decrease in the 
direction at right angles thereto. Sharp bends, machine marks, scratches, 
or other surface irregularities will also result in impairment of tensile 
stength. 

Unlike tensile, compressive, and flexural strengths, the impact strength 
of polymethyl methacrylate is scarcely affected by temperatures ranging 
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didectric strength, short time — v per mil 
step-by-step — per mil 

uniHgmented stock (^inch sample) will not track on arcing 
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from —60 to +80®. Water-absorption exercises relatively little in- 
fluence on any of the strength characteristics of this plastic; such an 
effect is most marked in the case of tensile strength where reduction of 
a few per cent may at times be encountered. Factors influencing impact 
strength include molecular orientation, surface irregularities, and fatigue. 



Figure 210. Fatigue endurance of cast “Lucite” under repeated impact as determined 
by the Bell Telephone Laboratories falling ball method. 

The impact resistance of “Lucite,” for example, may decrease from 40 
to 60 per cent of its original value under repeated shock. This fact 
is shown strikingly in Figure 210. 

Various physical properties of the methacrylates are summarized in 
Tables 87 and 88, which give characteristic values for 'Xucite'^ and 
“Plexiglas, respectively. 


Table 88. Properties of “Plexiglas” * 

Since “Plexiglas” is a thermoplastic, its properties will be found to vary with the tern- 
perature of the material. The values given apply for 25 to 30® C (77 to 86® F) 


Clarity 

Light transmission 
Scattering effect 
Refractive Index ud 
Dispersion 


Optical Properties 

91-92% 
Practically nil 
1.488-1.489 
0.008 
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Specific gravity 
Hardness 
Mohs 
Vickers 
Brinell 

Tensile strength 
(Elongation at failure) 
Flexural strength 
Compressive strength 
Impact resistance 
Modulus of elasticity 
Coefficient of expansion 
Water absorption by weight 
24 hr 
48 hr 
500 hr 


ACRYLIC RESINS 
Physical Properties 

I. 18-1.19 

2-3 
18-20 

18-20 (500 kg, 10 mm ball) 

7.000- 9,000 Ib/sq in 
5-15% 

14.000- 16,000 Ib/sq in 

II, 000-13,000 Ib/sq in 
0.3-0.5 ft lb (A.8.T.M. Charpy notched bar) 
4-6 X 10^ Ib/sq in 

8 X lO-V^^C 


0.3% 

0.4% 

1.2% (equilibrium) 


Electrical Properties 


Dielectric constant (60 cycles) 

(1,000,000 cycles) 
Power factor (at 60 cycles) 

Volume resistance 

Dielectric strength (short time test) 

(one minute stepwise) 


3.4 to 3.6 
3.2 

5 to 6% 

10^® ohms/cm* 
500 volts/mil 
400 volts/mil 


* Manufacturers’ data. Rohm and Haas Company 


Applications. Cast methacrylates have found numerous applications, 
the most important being as transparent airplane enclosures. Because 
of their excellent optical properties, their low density, their resistance 
to weathering, and their retention of impact resistance at low tempera- 
tures, these plastics are well suited to this use and were employed on 
every combat plane during World War II. Two- and three-dimensional 
noses, gun-turrets, blisters, tail-pieces, and other enclosures are formed 
from cast methacrylate sheets, sometimes reinforced with methacrylate 
ribs. Production of cast sheets for aviation uses increased eight-fold 
from 1940 to 1942 and steadily continued to multiply during World 
War II. 

Shaping is carried out at temperatures between 245 and 310® F. Be- 
cause of the elastic memory of this plastic, shaped sheets tend to revert 
to their initial form when reheated to a sufficiently high temperature, 
but this unmolding does not occur in service, even at temperatures of 
equatorial deserts. Great care must be exercised during shaping to pre- 
vent scratching. 

In mounting methacrylate sections on planes, concentrations of stress 
should be avoided. Channel mounting is preferable to bolting or rivet- 
ing. It is essential to cushion the plastic where it touches the metal re- 




Courtesy E, 7 . du Pont de Nemours & Co» 


Figure 211. Single sheets of “Lucite,” trimmed to 
approximately oval shape, are heated in ovens to the 
point whore the thermoplastic material becomes 
flexible, as the first step in the process of shaping 
encjlosurca for the P-51 Mustang fighter planes by 
the vacuum-drawing method which preserves the 
superior optical qualities of the plastic unimpaired. 



Courtesy B, /. du Pout de Nemours & Co, 


Figure 212. Operator applies the vacuum which shapes ‘^Lucite” sheet 
into an enclosure for the P-51 Mustang fighter planes by the vacuum- 
drawing method. 
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Figure 213. Enclosure for the P-51 
Mustang fighter plane made of “Lii- 
cite” is removed from vacuum die in 
which it has been shaped to specified 
dimensions. 


Courtesy ii. I. du Pont dc Nemours & Co. 



Courtesy Rohm Sr Haas Co. 


Figure 214. Upper tuiTet gunner on a B-25 Mitchell has the “bird’s 
eye” view on combat missions. His manually-controlled, electrically 
operated tuiret with its “Plexiglas” enclosure swings around in a 360® 
circle, enabling him to see any direction from zenith to his horizon. 
He takes aim through his optical gun sight to fire his twin fiO caliber 
machine g^ns. Armor plate at the back of the “Plexiglas” enclosure 
protects his head, as shown in Uiis photograph. 
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tainer. This precaution must be observed to preclude the possibility of 
crazing. Numerous methods of mounting have been worked out in 
great detail by the manufactiirers of these plastics. 

The lack of scratch-resistance is the greatest shortcoming of the 
methacrylates and would prevent their use in automobile windshields. 
In airplanes this weakness is not as serious as in vehicles moving on the 
ground. Nevertheless, airplane enclosures do get scratched and must 
often be polished in service. Methods of accomplishing this operation, 
as well as means of stopping cracks and patching bullet holes, both 
temporarily and permanently, have also been developed with great care 
because of their military importance. Comprehensive literature on shap- 
ing, mounting, polishing, and repairing is available from the manufac- 
turers of these plastics, who have also cooperated with the Army Air 
Forces in producing a film for aircraft training schools which shows 
proper methods of polishing and repairing airplane enclosures. 

Methacrylate sheets have been used also in tank sight windows, while 
naval PT boats have been equipped with methacrylate windows and 
machine-gun housings. 

Laminated windows comprising a sandwich of two methacrylate sheets 
and a polyvinyl butyral interlayer, developed for greater safety in mili- 
tary applications, have been discussed in Chapter 14. Such sandwiches 
are used as enclosures on planes with pressurized interiors for fiight at 
high altitudes. The tough interlayer minimizes shattering around bullet- 
holes and is to some degree self-sealing. Thus a measure of protection 
is provided against loss of pressure resulting from perforation of the 
enclosure. 

A great diversity of other uses in military, industrial, and consumer 
goods have been developed for cast methacrylates. A partial list of such 
applications includes housings for marine-engine water-filters, draft 
gauges, edge-lighted instrument panels, edge-lighted pointers and signs, 
curved dental, surgical, and industrial instruments for piping cool light 
to difficultly accessible locations, machine windows and guards, trans- 
parent models, optical equipment, scientific instruments such as trans- 
parent dialysers, beer-tank gauges, furniture, traffic-directors, display 
fixtures, edge- or end-lighted carved murals, decorative columns, and 
rails, and such miscellaneous novelties as handbag frames, pipe-stems 
and racks, cigarette boxes, trays, costume jewelry, brush-backs and 
handles, compacts, lamps, frames for mirrors and pictures, and trans- 
parent “stunt” row boats. 

Most applications of cast methacrylates utilize colorless stock. A few 
uses, especially beads, bracelets, and other articles of costume jewelry, 
require the much more costly stock containing pearl essence discussed in 
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the preceding section. Cast sheets, rods, and tubes can also be made 
in a number of transparent, translucent, and opaque colors where vol- 
ume justifies production. In their manufacture, a soluble dye or insol- 
uble pigment is diffused throughout the material prior to casting. Cast 
shapes may be dip-dyed, in which case the dye is deposited on or near 
the surface. Various oil-soluble dyes dissolved in aqueous acetone may 
be used in this manner. It is often desirable to paint one surface of 
a methacrylate object. Numerous paints and lacquers may be used for 
this purpose, but those containing volatile solvents capable of attacking 
the surface of the plastic should be avoided. In general, aliphatic hydro- 
carbon solvents should be preferred. 

Cementing operations need frequently to be carried out with methacry- 
lates. Any one of three general methods can be used: 

(1) Surfaces to be joined may be softened with a suitable solvent 
such as ethylene dichloride or glacial acetic acid and the softened areas 
then united and held in position until a firm union is established. Solvent 
should be allowed to evaporate completely before further machining 
operations are carried out. 

(2) The joint may be established by coating both surfaces with a 
solution of polymethyl methacrylate in ethylene dichloride, ethyl acetate, 
or other suitable solvent. 

(3) Polymethyl methacrylate may be dissolved in the monomer, to 
which a small amount of peroxide catalyst is added, or catalyst may be 
added to the monomer alone which is allowed to stand until partial 
polymerization has occurred. The paste is then used to establish a 
bond which hardens through polymerization of solvent monomer, rather 
than by evaporation. 

In all cementing work, it is practically impossible to produce an 
optically perfect joint. A bond having good mechanical properties, how- 
ever, can be made by exercising extreme care in preparation of the mating 
surfaces and in application of the cement so as to avoid bubbles, voids, 
and contamination. 

Available Shapes. Cast methacrylates are available under the trade- 
mark names ^'Lucite” and “Plexiglas.'^ Sheets are manufactured regu- 
larly in thicknesses of 0.060 to 0.500 inch. Cast sheets up to 2% inches 
thick are produced for special applications. In lots of 50 sq ft or more, 
the 1946 price per sq ft for the first size mentioned was $0.75. Weight 
per sq ft, for the same size is 0.36+ lb. 

Cast rods are available in diameters up to 2 inches in 48-inch lengths. 
The price of rods ranges from about $1.25 to $1.50 per pound, depend- 
ing on size. 

Tubes are manufactured in various wall thicknesses and diameters. 
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Special forms can be obtained upon demand, as well as shaped sheets. 
Special Products. During World War II, the Polaroid Corporation 
developed poly cyclohexyl methacrylate (CHM) for casting high-precision 
optics. 


Molding Powders 

Polymethyl methacrylate is available under the trade names “Lucite” 
and “Plexiglas” (formerly “Crystalite”) in the form of molding powder 
in both colorless and colored varieties. These powders are often pro- 
duced by granulation methods of polymerization. Colors or pigments 
may be admixed at the time of granulation, but they are commonly 
added later on rubber rolls. Various copolymers, including those of 



Figure 215. Molded “Lucite” phoct be- 
ing removed from the pre.'!^. 


Courtesy H, I. du Pont dr S^rmouis Sr Co, 


methyl methacrylate and styrene have been patented as molding ma- 
terials. 

Molded sheets are available in standard 20 X 25 inch size from % 
to 2 inches thick. The clarity and uniformity of molded sheets is usually 
slightly inferior to that of cast sheets. Extruded rod and tubing is also 
manufactured. 

Because of the thermoplastic character of these resins, they are usually 
injection-molded, temperatures ranging from 326 to 475* F and pressures 
from 10, (XK) to 36,000 pounds per square inch. Compression molding is 
carried out, where necessary, at lower temperatures and pressures. 

In general, properties of molded methacrylates are similar to those 
of the cast resins. Comparative properties of cast and molded “Lucite” 
have been listed in Table 87. 

Applications of molded methacrylates are many and varied. Most of 
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them depend on their unique optical properties. Some, like fruit-juicer 
parts, have resulted from the combination of good mechanical proper- 
ties and corrosion-resistance. Miscellaneous uses of molded meth- 
acrylates include automobile dashboard panels, instrument dials, knobs, 
and radiator ornaments, reflectors and blackout lenses for military 
vehicles, flares, airport signal-light lenses, and retro-directive highway 
reflectors. The last application is particularly striking inasmuch as a 
unique mold design permits unusual accuracy in molding the highly 
polished cubical facets on the rear of the reflector which cause efficient 
reflection of light impinging upon these road markers from the head- 
lights of approaching vehicles. Use of these “Stimsonitc” molded meth- 
acrylate reflectors has greatly reduced night driving accidents upon main 
highways along which they have been installed. Other methacrylate 
uses include gas-mask lenses, instrument lenses, and numerous surgical 
and medical applications such as arthritic hip reliner cups, contact op- 
tical lenses (now worn by about 6,000 people and potentially of vast 
adaptability), jaw and knuckle joints (as a substitute for metal plates 
in bone grafting), ^^cold light-piping” instruments — including tongue de- 
pressors, cystoscopes, sigmoidoscopes, proctoscopes, otoscopes, pharyngo- 
scopes, brain and tonsil probes, and speculums — ^shields to protect doctors 
who are treating infectious diseases, windows in plaster casts, stetho- 
scope parts, transfusion tubes, incubator covers, and drainage tubes. 
Still other applications include camera view-finder lenses, magnifying 
glasses, watch crystals, shatterproof spectacle lenses, hearing aids, trans- 
parent containers and instrument cases, antenna housings, housings for 
electric water lights on life-preservers and life-rafts, nameplates for 
vacuum cleaners and other devices, Venturi tube parts on airplanes, 
oxygen flowmeter parts, oil cups and various types of lubricating equip- 
ment, insulation for radio equipment, neutralizing condensers, illuminated 
transparent typewriter rolls for stencil-cutting, hair-dryer parts, alpha- 
bet letters, saxophone mouthpieces, violin chin-rests, and a multitude 
of novelties such as combs, hairbrush backs and handles, pen and pencil 
parts, pipe stems, jewelry, handles, knives, umbrella handles, bathroom 
fixtures, vases, desk sets, and decorative miscellanies. 

By filling in the cavities of molded letters with a lacquer of color 
contrasting with that used to cover the rest of the masked-off back, 
pleasing three-dimensional effects can be obtained in name-plate or 
bezel designs. 

Unusually long articles can be injection molded of methacrylates by 
^'zone molding,” in which the mold cavity is maintained at progressively 
higher temperatures as the distance from the sprue increases. 

An important specialty use of molded methacrylates has been found 
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in dentures. Materials used in this application are mixtures of polymer 
and monomer. The latter serves as a plasticizer to facilitate molding 
under the relatively low pressures which can be tolerated by dental 
molds. It is then converted into polymer by heat applied in molding. 
This technique makes it ranecessary to use a permanent plasticizer 
which would lower the softening temperature of the resin and might in- 
troduce odor or taste. Products of this kind, manufactured under such 
trade-marked names as “Lucitone” and “Vemonite,” are now widely 
used by the dental profession. Recently, even molded methacrylate teeth 
have been produced. 

Monomers and Partially Polymerized Resins 

Monomeric methacrylates are utilized to impregnate such porous 
materials as wood, marble, tile, paper, fabrics, and anatomical specimens. 
Polymerization in situ then results in reinforcement of the treated mate- 
rial. 

Anatomical, biological, botanical, zoological, and other specimens are 
preserved by imbedding them in solid blocks of methacrylate resin. 
This is done by immersing the specimen in partially polymerized ethyl 
methacrylate and completing polymerization thereof, this technique 
having been developed by Charles Sando of the Bureau of Chemistry and 
Soils in the Department of Agriculture. Rigid metallographic specimens 
are also often imbedded in methacrylates, but in this instance, com- 
pression molding with powder is preferred. 

Adhesives for bonding various surfaces, especially for uniting cast 
or molded methacrylate parts, can be formulated from monomeric or 
partially polymerized acrylic resins by incorporation of a little peroxide 
catalyst therein, with or without added plasticizer or polymerized resin. 

Solutions and Emulsions 

Safety Glass. For several years, polymethyl acrylate sold under the 
trade name “Plexigum” enjoyed favor as the interlayer in “Plexite” 
safety glass. An ethylene dichloride solution of the resin is spread out 
upon clean glass sheets which are subsequently passed through a long 
dust-free drying oven equipped with solvent-recovery apparatus. After 
evaporation of the solvent, the sheets are inspected for small bubbles 
which, if found, are punctured by hand with a hypodermic needle filled 
with resin solution. The inspected sheets are then assembled with top, 
uncoated, glass plates and the units are bonded under heat and low 
pressure, preferably in a compressed-air autoclave. 

This type of safety glass was first produced before the evolution of 
polyvinyl butyral resin, and thus it sompeted primarily with cellulose 



ACRYLIC RESINS 


493 


acetate. It possessed a point of superiority to the latter in that no 
edge-sealing was required because of the absence of plasticizer and be- 
cause of maintenance of the bond in humid atmospheres. The finished 
sheets could therefore be cut by jobbers in the manner described in a 



Courtesy The Resinous Products and Chemical Co. 

Figure 216. The “Acryloids,” acrylic resins for coatings, are produced 
in this installation. The unit is unusual in that outdoor equipment 
such as this is common in the petroleum industry, but is quite novel 
in the chemical industry where sheltered equipment is customary. 

preceding chapter and now used for polyvinyl butyral high-test safety 
glass. 

Miscellaneous Solutions and Emulsions. Solutions and emulsions of 
various acrylics are used as adhesives for paper, textiles, cellophane, and 
other surfaces. They are also used for special lacquer formulations, al- 
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though the cost of these resins has thus far militated against their general 
acceptance in the customary types of surface coatings. Baking enamels 
for wire-coating possessing good dielectric properties, for impregnation 
of coils, and for abrasion-resistant coatings on rubberized cloth are 
special lacquer applications in which the acrylics have met with some 
success. 

With the exception of lacquer emulsions where a solvent is present, so- 
called resin emulsions are, in fact, dispersions. They may be prepared 
either by Banbury reduction of resins in bulk or by actual emulsion 
polymerization of monomer. The particle size of the latter type is con- 
siderably smaller than in the case of mechanically prepared dispersions. 

Both solutions and emulsions of acrylics find important uses in textile 
stiffening, such as the manufacture of fused collars, and in textile sizing 
and finishing agents to improve hand, tensile strength, and wear- 
resistance. They are also utilized to reduce slippage of certain textile con- 
structions. Dispersions of resins possessing relatively high softening 
points are used for imparting dullness to such textiles as rayon, acetate, 
and nylon fabrics. 

They are used in waterproof paper coatings, and in finishing genuine 
leather, where excellent flexibility and adhesion are obtained without 
sacrifice of appearance. 

In these applications, various polymers and copolymers of methyl and 
ethyl acrylates and methacrylates, and polymers of ethyl, n-propyl, 
n-butyl, and isobutyl methacrylates are employed, as well as various 
copolymers and tripolymers of methyl acrylate, methyl methacrylate, 
and vinyl acetate. 

Acrylic resin solutions are sold under the trade name “Acryloid.” 
Emulsions are available under many trade names such as ^^Acr\"sol,’’ 
^'RHoplex,^^ ‘Trimal,^^ ^^Methacrol,'' and variously numbered grades of 
“Onyx Resin Dispersions” prepared with either cationic or anionic 
surface-active agents. 
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Chapter 19 
Contact Resins 

Copolymers of Unsaturated Polyesters, — Doubly Unsaturated Monomers. 

Ally I Resins 

General 

During the past few years, intense interest has been aroused in the 
construction of resin-impregnated laminates by the application of little 
or no pressure, with or without heat. Developments of this nature were 
spurred on by the wartime emergency. It became vital for the air- 
craft industry to secure suitable plastics for the construction of plane 
parts larger than could practicably be molded under high pressure. Often 
large parts were required in non-standard shapes or in such small volume 
that construction of high-pressure molds, even where mechanically fea- 
sible, could not be justified on the basis of cost, materials consumed, and 
man-power hours required. The construction of special presses to handle 
large high-pressure moldings also posed a serious problem. 

Development of such laminates, however, was not only a matter of cir- 
cumventing the use of high pressure. The introduction of high-strength 
paper and glass fiber fabric as bases for laminates exhibiting exceptionally 
great strength-weight ratios further intensified activity in this field which 
very quickly grew to such a point that use of low-pressure, no-pressure 
molding technique yielded shaped plastics that were in direct competition 
with metal parts. Time, labor, and cost were saved on a strictly com- 
petitive basis. Air scoops, window frames, and ducts, for example, have 
been made from glass reinforced plastics instead of nfetal because they 
were cheaper and quicker to fabricate. 

The result of these various interests has been the evolution of a new 
technology of low-pressure or no-pressure laminating of large shaped 
plastics possessing low density and high strength. Developments in this 
field are still progressing apace. Modifications of the better known 
thermosetting plastics have contributed their share to these spectacular 
innovations. Low-pressure laminating phenolics, ureas, and melamines 
which will cure satisfactorily within the range of 40 to 300 Ibs/sq in 
have been mentioned at appropriate points in this text. In addition to 
modified resins of these standard types, however, new classes of plastics 
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have been evolved which offer great promise for use as so-called “con- 
tact resins^^ requiring the use of from 0 to 50 Ibs/sq in pressure 
during cure. These “no-pressure” laminating resins are supplied by the 
manufacturers in the form of viscous, partially condensed, unsaturated 
fluids or less viscous monomeric liquids which polymerize under the 
influence of a peroxide catalyst, with or without the application of 
moderate heat, depending upon their chemical nature. They are 100 
per cent resin formers, containing no solvent. 

In the construction of a laminated article from one of these products, 
the basic sheet material is impregnated with the 100 per cent resin- 
forming liquid by using a doctor blade, or by dipping, brushing, or 
spreading with a roller or squeegee. 

The sheet, either before or after impregnation, is wrapped around an 
inexpensive mold and cured by allowing it to stand at room tempera- 
ture, or, more often, by application of moderate heat. Fabricators on the 
West Coast are using a “sunlight” catalyst. They lay up a large piece, e,g,, 
a boat, and set it out in the sun to cure. This procedure is claimed to 
give satisfactory results. Light pressures ranging from a fraction of a 
pound to about 10 Ibs/sq in may be applied to intricate shapes in order 
to ensure intimate contact of the plastic with the mold and prevent local- 
ized segregation of free resin. Some manufacturers recommend pressures 
of 25 to 70 Ibs/sq in in shaping formed sections. A rubber or neoprene 
bag, inflated with compressed air or steam, may be used as a source of 
the requisite pressure in the case of shaped sections. Polyvinyl alcohol 
sheeting is also used in bags for prototypes. Flat sheets may be cured un- 
der nothing more than the contact pressure of the covering material, such 
as plate glass. Inasmuch as polymerization of these unsaturated ester- 
type contact resins is frequently inhibited by exposure to the air, as well 
as by contact with sulfur, sulfur-containing compounds like vulcanized 
rubber, and copper, lead or mercury in some cases, glass sheets or a 
formed metal shape or some other impervious surface must often be used 
to protect the laminate during cure. Cover sheets of cellophane or poly- 
vinyl alcohol are used to prevent exposure to the atmosphere and also 
to ensure formation of a smooth, glossy surface and easy removal from 
the mold. In some cases, as with “Plaskon” 911 laminates, successful re- 
sults with metal molds can be attained by use of such lubricants as 
“Aquarex” D (du Pont) or “Vejin” A3 (Vejin, Inc., Cincinnati). Sili- 
cone greases are also used as mold lubricants. 

No-pressure molds may be constructed from numerous inexpensive 
materials, such as plaster-of-Paris, concrete, wood, or cast metals. Cast 
phenolic resins may also be used. There is now much interest in plaster- 
of-Paris impregnated with various resins. With non-metallic molds, metal 
facing is usually necessary. Capping can be carried out by means of 
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formed sheet metal, by electrodeposition, or by metallizing with a spray. 
In any event, it increases the cost of the mold so that some of the ad- 
vantage of cheapness of the principal material of construction is sacri- 
ficed. Metal lining of the mold is required in order to facilitate removal 
of heat created during exothermal polymerization of the resinifying 
liquid. If heat is not removed, low-boiling monomers are apt to be 
vaporized, resulting in a blistered article. 

The greatest amount of interest in contact resin laminates has cen- 
tered around the use of “Fiberglas’^ (trade mark of the Owens-Coming 
Fiberglas Corporation) as a base. This material possesses an exception- 
ally high strength-weight ratio among available textiles. Being syn- 
thetic, its fibers arc also continuous and uniform in properties. It 
possesses excellent resistance to impact and low water absorption. It 
is preferable to eliminate or at least alter f)artially the nature of the 
size used in manufacturing ^Tiberglas” fabrics by heating the latter 
to temperatures within the range of 400 to 700® F. Excellent me- 
chanical properties are developed, for example, by heat-treating the 
glass cloth at about 400® F for approximately two hours before laminat- 
ing. Tensile strength is not appreciably affected by this treatment, 
but edgewise compressive and flexural strengths may be doubled, as in- 
dicated by Table 89 for the case of ‘^Thalid^^ X--500 series laminates. 


Table 89. Effect of Heat-Treating ‘‘Fiberglas OC-64” on Strength Properties 
of “Thalid^' X-500 Series Laminates * 


Strength 

Tension 

Edgewise Compression 
Flexure 


Heat-Treated 

Cloth 

40,000-50,000 

40.000- 50,000 

60.000- 70,000 


* Manufacturers^ data. Monsanto Chemical Company. 


Non-Heat -Treated 
Cloth 

40.000- 50,000 

20.000- 25,000 

30.000- 35,000 


Although heat-treating alone gives good results, the best technique to 
date involves removal of the starch type size from the glass either by 
heat-treating or by a washing operation followed by heat-cleaning. This 
gives a bare glass surface. By the application of proper after-treating 
materials (“Fiberglas” Finish 14), results comparable to heat-treating are 
obtained. The laminates are white and lose little or no strength upon 
exposure to high humidities or immersion in water. 

Cooperative developments of the Owens-Coming Fiberglas Corpora- 
tion and the Aircraft Laboratory, Engineering Division, U. S. Army Air 
Forces, Materiel Command, Wright Field, have shown that the inter- 
laminar strength of glass fabric base laminates can be increased by in- 
corporation of fine glass fibers in the resin prior to impregnation of the 
fabric. The diameter of the fibers used is about one-sixth that of the 
textile fibers. They are employed to the extent of about 3 per cent of 



COMPRESSION STRESS EDGEWISE 
IN POUNDS PER SQUARE INCH 


500 


CHEMISTRY OF COMMERCIAL PLASTICS 



Figure 217. Relation between compressiv^e strength and the amount of glass 
fiber flock introduced into a typical low-pressure laminate based on non-heat-treated 
glass cloth. {Kemmer^) 



Figure 218. Relation of tensile strength to the percentage 
of glass fiber in typical low-pressure laminates based on glass 
cloth. (Kemmer 
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the weight of resin. The effect of these fibers upon compressive strength 
is shown in Figure 217. 

In general, the tensile strength of no-pressure laminates based on 
glass fiber fabric is proportional to the glass content, as shown in Figure 

218. 

Directional strength effects caused by the mechanical structure of the 
glass fabric may be equalized to some extent by variation of the direction 
of lamination. Nearly equal strength in all directions can now be achieved 
by proper weave of the cloth or by laying fibers in the direction in which 
the load is required. Laying parallel fibers in a regular pattern turned 
through arcs of 0®, 60®, and 120® gives a strength pattern practically cir- 
cular. Average properties of no-pressure laminates prepared from a num- 
ber of different resins and from cross-laminated glass fiber fabric are 
listed in Table 90. 

By the introduction of no-pressure laminating, the use of complicated 
and expensive equipment required for high-pressure laminating is ob- 
viated. Shaped articles can be readily formed whereas they present al- 
most insuperable difficulties in high-pressure laminating. Comparison 
of the properties listed in Table 90 with those of aluminum indicates that 
no-pressure laminates possess advantages in higher specific strengths in 
tension, compression, and flexure. They are also superior in both sound 
and heat insulation. Fabricated surfaces may be made smoother because 
of the absence of rivets. Fabrication advantages may also be achieved. 
Against these advantages are the disadvantages of lower elongation and 
bearing strength. 

The principal applications of no-pressure laminates to date have been 
in the fabrication of non-structural parts of military planes, such as fair- 
ings, cover plates of many types, doors, gasoline tanks, flabs, stabilizer 
tabs, etc. Production of structural parts is under development. Excellent 
test results have been obtained upon an experimental fuselage built of 
glass fiber fabric laminated with a contact resin and sandwiched with a 
balsawood core held in place by bonding with the 'same resin during the 
curing operation. Innovations in the automotive industry are to be ex- 
pected. 

Much work has been done on the development of core materials and 
sandwich constructions. Recent honeycomb-structure cores are illustrated 
in Figure 221. 

Current no-pressure laminating resins consist essentially of unsaturated 
esters which can be polymerized either alone or in admixture with other 
unsaturated monomeric substances, to yield thermo-hardened, cross- 
linked polymers. The fundamental requisite of these esters is the presence 
of at least two polymerizable double bonds in their unit structure. There 
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® Zli© ab 9 ve properties liaTe been determined by means of procedure outlined in L-P-406 Federal Standard Stock Catalog, Section IV, Part 5, ** Federal Spedficalion 
lor P l aayc s, Organic; General Specifications (Method of Tests).” & Flaked fibers omitted. 
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are two general categories of such esters available at present. The first 
type comprises unsaturated linear polyesters produced from a glycol and 
maleic acid, or some other unsaturated dicarboxylic acid as, for example, 
'^Carbic'^ anhydride. Such polyesters may obviously be modified with 
unsaturated alcohols like allyl alcohol. The presence of double bonds in 
the polyester chain permits subsequent copolymerization with other added 
monomeric unsaturates such as styrene. Because of the polymeric char- 
acter of the ester, these resins are moderately viscous before polymeriza- 
tion, a fact which has been found to facilitate mechanical handling 
during impregnation by use of a doctor blade or by roller coating. 

The second type of no-pressure laminating resin consists of doubly 
unsaturated monomeric esters. Important commercial representatives of 
this group include monomolecular esters of allyl alcohol and dibasic acids 
or their derivatives which still contain two esterifiable carboxyl groups. 
Although allyl resins have recently become of importance, other un- 
saturated alcohols can be used also. 

Obvious modifications of this second group include monomeric esters 
of unsaturated alcohols and unsaturated mono- or dibasic acids, such 
as allyl itaconatc and glycol or polyglycol esters of unsaturated acids, 
such as methacrylic acid. These monomeric liquids are non-viscous, be- 
cause of their low molecular weight, and must be used with care in 
laminating operations in order to avoid resin segregation in shaped sec- 
tions. 


Copolymers of Unsaturated Linear Polyesters 
It has been shown in Chapter 11 that a linear polyester is produced 
as the result of esterification of a glycol with a dibasic acid. Where an 
aliphatic acid is used, the polymer is often balsam-like. If unsaturated 
glycols, such as butene-diols, or unsaturated dicarboxylic acids like 
maleic, fumaric, or itaconic acid are employed, the resulting polyester 
possesses double bonds which are capable of polymerizing, under cat- 
alytic influence, to yield cross-linked, tridimensional resins. A portion 
of the structure of a polymer derived from diethylene glycol maleate, 
for example, can be represented as follows: 


0 0 0 0 
— (!)--*0-— CHr*-‘CHr'-0“-CHi — CHsr— O — — CH=CH— 


O 


0 
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On 24 hours' standing at room temperature, diethylene glycol maleate 
containing about 2 per cent of added benzoyl peroxide is converted from 
a viscous liquid to an insoluble, hard, rubbery gel. On heating this gel 
at 60*" for 48 hours, it is transformed into a hard, tough, transparent, 
and easily machined cast plastic having a Rockwell L hardness of about 
55. The same result is attained by heating the unsaturated polyester 
with catalyst at 50® for 50 hours without preliminary standing at room 



Figure 219. Increase in viscosity of 1:3 mixtures of vinyl acetate and 
polymeric maleic esters of diethylene glycol of various degrees of condensa- 
tion (as indicated by acid number) where copolymerized at 90® under 
reflux. Viscosity measured on Gardner-Holdt scale at 25®. 

Acid No, of Average Number of Maleic 

Polyester Condensation Units 

173 1.65 

55 5.40 

22 13.61 

(Kropa and Bradley 

temperature. Such prolonged curing times are impractical for commercial 
products. It has been found that polymerization can be greatly speeded, 
and cast plastics of valuable properties obtained, by copolymerizing 
these unsaturated polyesters with such resin-forming monomeric com- 
pounds as vinyl acetate, styrene, or methyl methacrylate. Cross-linked, 
tridimensional resins are thus formed similar to those illustrated in the 
preceding formula, but in which one or more units of the copolymerizing 
material bridge some, at least, of the alkyd chains at the points directly 
united in the formula given above. 




CONTACT RESINS 


505 

Numerous factors influence the formation of such copolymers, the more 
important being (1) degree of condensation, i.e., molecular weight of the 
polyester; (2) components of the polyester; (3) nature of the copoly- 
merizing monomeric unsaturate; (4) ratio of polyester to monomeric 
unsaturate; (5) type and amount of catalyst; (6) temperature; and 
(7) mass of the polymerizing mixture. 

Figure 219 shows the effect of degree of condensation of poly diethylene 
glycol maleate upon the rate of increase of viscosity where copolymerized 
with vinyl acetate at 90*. 

Under properly controlled conditions, clear transparent copolymers are 
obtainable. The ratio of reactants exercises a marked effect upon trans- 
parency, however, for if the concentration of vinyl monomer is sufiiciently 
high, it will polymerize by itself at the same time that it copolymerizes 
with the unsaturated polyester. The two polymers are, in some instances, 
incompatible with each other; hence where the concentration of vinyl 
monomer is sufficiently high to yield straight vinyl polymers, cloudy or 
opaque polymeric mixtures may result. In the case of polyesters of 
diethylene glycol and maleic acid, up to about 32 per cent of vinyl acetate 
or styrene yields transparent products; polyesters combined with 1/1 
vinyl acetate — styrene mixtures will give clear copolymers up to 40 per 
cent of monomer content, while methyl methacrylate yields transparent 
resins in all proportions. 

Benzoyl peroxide, lauroyl peroxide, and acetyl benzoyl peroxide are 
among the most effective catalysts for bringing about these copolymeriza- 
tions. The influence of catalyst content upon rate of copolymerization 
is shown in- Table 91. 


Table 91. Influence of Catalyst Content on Rate of Resinification at 50° of 
Vinyl Acetate-Diethylene Glycol Maleate Solutions “ 


Benzoyl peroxide, % 
Resinification rate, hours: 

0.005 

0.01 

0.02 

0.03 

0.05 

0.1 

Partial gel 

— 

— 

— 

— 

— 

— 

Complete gel 

20 

— 

— 

— 

— 

— 

Hard gel 

45 

20 

20 

20 

— 

— 

Soft resin 

100 

80 

80 

60 

20 

— 

Hard resin 

160 

140 

140 

130 

90 

24 


* 68 per cent polyester of acid no. 55.5. 

The influence of temperature upon copolymerization of vinyl acetate 
and polydiethylene glycol maleate is shown in Table 92. 

Resins of this category are especially useful in cast form, with or with- 
out fillers. They are light in color and can be made water white by care- 
ful control of the quality of reactants. They are almost completely light 
stable. They can be produced in Rockwell L hardnesses ranging from 50 
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Table 92. Influence of Temperature on Bate of Resin ificatiun at 60° of 
Vinyl Acetate-Diethylene Glycol Maleate Solutions « 

(Catalyst; 0.0033% benzoyl peroxide) 


Partial gel 

39® 

100 

Resinlficsfttion Rate, Hours 
60® 

64® 

Complete gel 

150 

— 

— 

Hard gel 

240 

20 

— 

Soft resin 

— 

70 

20 

Hard resin 

— 

140 

80 


* 68 per cent polyester of acid no. 98,1. 

to 110. In general, they are considerably harder than transparent thermo- 
plastics such as cellulose acetate or polymethyl methacrylate. 

Copolymerizablc mixtures of unsaturated linear polyesters and other 
monomeric unsaturates can be employed as described on page 498 for the 
impregnation of sheet materials, such as cotton or glass fiber fabric, and 
laminated products can then be built up and cured under little or no 
pressure. Limited attempts have been made to produce commercial 



Courtesy American Cyanamid Co, 
Figure 220. Canvas-filled ‘Xaminac” water tank. 


resins of this general type under the name “Elfolitc.” “Laminae” belongs 
to this category. Other commercial products of comparable character 
have been developed^ such for example as “Bakelite” BRS-16631 and 
BRS-17582, recently replaced by “Bakelite” BRS-69 and BRS-78, 
respectively. 

“Laminae” contains no solvent. It cures, out of presence of air, with 
lauroyl or benzoyl peroxide (0.3 to 1.0 per cent) in 30 minutes at 100- 
110® with little or no pressure. It shrinks 10 to 11 per cent during poly- 
merization. Table 93 lists properties of unfilled cast polymer and of 
typical laminates based on canvas and glass fiber fabric. 



CONTACT RKSINS 


507 


Table 93. Properties of ‘‘Laminae^' * 

Unfilled 01am Fiber 

Canvas 

Physical Properties 

Cast Polymer 

Fabric Laminate “• ° 

Laminate ”• ' 

Specific gravity (25®) 

1.23 

1.70 



Index of refraction (nu*®) 

1.535 

— 

—— 

Micro hardness (Bierbaum) 

Rockwell hardness 

26.3-39.1 

— 

— 

M scale 

91-94 

84 

— — 

R scale 

intimate tensile strength, psi 

118-120 

97 


at ~ 40® 

7270 

47,300-43,100 

6370-6600 

25® 

after 24 hr water immersion, tested wet 

6270 

41,300-33,100 

4990-6090 

80® 

Elongation immediately before fracture, 

3850 

23,100-26,700'* 

3790-4230 

25®, % 

Modulus of elasticity in tension, psi (25®) 
After 24 hr w^ater immersion 

Load, psi 


3.4-4.9 

1.34-1.11 X 10® 

3.6 

0.22 X 10® 
0.83 X 10® 

0 (extrapolated) 

0.35 X 10® 

— 

— 

70 

0.35 X 10® 

— 

— 

2820 

0.29 X 10® 

— 

— 

4220 

0.21 X 10® 

— 

— 

Flexural strength, Dynstat, kg/cm® (25®) 
Flexural strength, psi 

893 

1710-1620 

— 

at - 40® 

15,300 



— 

25° 

13,900 

— ^ 

— 

80° 

Modulus of elasticity in flexure, psi 

6,380 

— 

— 

at - 40® 

0.44 X 10* 

1.67-1.47 X 10® 

— 

25® 

0.31 X 10® 

1.66-1.45 X 10® 

— 

80® 

0.15 X 10® 

1.35-0.94 X 10® 

— 

Compressive strength at 25°, psi 

Impact strength, Izod notched, per in notch 

26,400'^ 

50,900 (flatwise) 

— 

0.19 

— 

— 

Impact strength, Dynstat (25°), kg/cm* 

12.9 

— 

— 

Shrinkage during cure, % 

10-11 

— 

— 

Distortion under heat, ° C — A.S.T.M. 

100 

— 

— 

Burning rate, in/min, 0.073 in sample 

Electrical properties 

Power factor, A.S.T.M. 

1.1 

0.88-0.67 
(0.066 in sample) 


at 60 cycles 

0.011 

— 

— 

at 10® cycles 

0.031 

0.02 

— 

at 25 X 10® cycles 

Dielectric strength, A.S.T.M. short time 


0.04 


test, in, v/mil 

Dielectric constant, A.S.T.M. 

520 



at 60 cycles 

4.2 

— 

— 

at 10® cycles 

3.5 

5 

*■' 

at 25 X 10® cycles 

Loss factor, A.S.T.M. 


6 


at 60 cycles 

0.053 


* 

at 10® cycles 

0.120 

— — 


Arc resistance, A.S.T.M. ^ 

(Material burns on failure) 

90-126 



Volume resistivity, ohms 

— 

10^* 

— 
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Table 93. Properties of 

Chemical properties 

“Laminae” * 

Unfilled 

Caat Polymer 

(Contirvuedli 

Qlaas Fiber 
abric Laminate a. >> 

Canvaa 
Laminate b, o 

Gain in weight during 24 hours' immer- 
sion at 25°, % 

Distilled water 

0.46 

1.3 

1.87 

Aromatic gasoline 

0.23 

1.0 

— 

Benzene 

0.76 

3.0 

— 

Acetone 

2.58 

6.9 

— 

Gain in weight during 15 min immersion 
in boiling water, % 

— 

0.5 

, 


• “Fiberglas'^ ECC-162. 4-plies; 46% resin. 0.5% “Alperox^' C as catalyst; curing 
temperature: 100° (45 min). 30 psi. Thickness: 0.065 in. Weight, Ib/sq ft: 0.597. 

^ First value given is perpendicular to warp; second parallel to warp. 

« 14-oz canvas; 2-plie8; 60% resin. 0.5% ^^Alperox*' C as catalyst; curing temperature: 
100° (30 min). Contact pressure. Thickness: 0.078 in. 

^ Material flows during test. 

® By using the treatment described on page 499, this wet strength figure would be 
80 to 100 per cent of the dry strength. 

* Manufacturers' data. American Cyanamid Company. 


Properties of various “Fiberglas^^ laminates prepared by use of two 
different grades of ^Xaminac^' are given in Tables 94 to 96. 

Table 94. Properties of ‘‘Laminae” 4125 — “Fiberglas” Laminates. Parallel 
Laminated. All Tests Rim in Parallel Direction* 


Resin 

4125 

4125 

Resin Content, % 

40 

40 

Filler • 

ECC-162HT 

ECC-162HT 

No. Plies 

8 

4 

Pressure, psi 

Separators 

50 

Cure 

30min— ia5° 

30 min— 105° 

Density, gms/cc 

24 hr Absorption, % Water 

1.74 

1.7 

Gasoline 


0.4 

2B Alcohol 


0.7 

Flexural Strength, psi 25° 

31,200 


80° 

23,200 


Modulus in Bending, psi X 10«, 25° 

2.30 


80° 

1.75 


Power Factor at 10® c/s 


0.025 

Dielectric Constant at 10® c/s 


4.4 

Power Factor at 3 X 10® c/s 


0.017 t 

Dielectric Constant at 3 X 10* c/s 


4.42 t 

Barcol Hardness 


70 


* Manufacturers' data. American Cyanamid Company, 
t Run on 7 ply EC0128HT Laminate. 35% Resin. 
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Table 95. Properties of ‘‘Laminae” 4125 — “Fiberglas” Laminates. Parallel Lamin- 
ated. All Tests Run in Parallel Direction. Tested According to A.S.T.M. Speci- 
fications* ^ 

Resin 4125 

Resin Content, % 40-^5 

Filler EC0162HT 

Pressure, psi 60 

Cure 30 min — 105° 

Bonding Strength , lbs 1 , 1 20 

Compressive Strength, psi Edgewise 14,900 

Tensile Strength, psi 41,500 

Tensile Modulus, psi X 10® 2.25 

Flexural Strength, Flatwise psi , i/f/rru-i 27,900 

Flexural Strength, Edgewise psi / ^ 29:400 

Deflection at Break, Flatwise mils > 100 

Deflection at Break, Edgewise mils > 100 

Izod Impact, Flatwise, Ft Ibs/in Notch 33 

Heat Distortion, ° C 354 

Flammability, in/min 0.9 

Dimensional Stability, mils/in 0.26 

Coefficient of Thermal Expansion X 10® per ° C, Av. 9.0 

Power Factor at 60 c/s * 0.013 

Dielectric Constant at 60 c/s 5.2 

Arc Resistance, Sec, Av 81 

Dielectric Strength, v/m 230 

* Manufacturers' data. American Cyanamid Company. 


Table 96. Properties of “Laminae” 4201 — “Fibeiglas” Laminates * 
(Parallel Laminated. All Tests Run in Parallel Direction) 


Resin 

4201 

4201 

Resin Content, % 

40 

40 

Filler 

ECC~162HT 

ECC-162HT 

No. Plies 

8 

4 

Pressure, psi 

Separators 

70 

Cure 

30 min — 105° 

30 min — 105° 

Density, g/cc 

1.76 


24 hr Absorption, % Water 


1.8 

Gasoline 


0.3 

2B Alcohol 


0.6 

Flexural Strength, psi 25° 

34,100 


80° 

21,000 

, 

Modulus in Bending, psi X 10®, 25° 

2.30 


80° 

1.65 


Power Factor at 10® c/s 


0.022 

Dielectric Constant at 10® c/s 


4.7 

Power Factor at 3 X 10* c/s 


0.019 t 

Dielectric Constant at 3 X 10® c/s 


4.50 t 

Barcol Hardness 


62 


* Manufacturers' data. American Cyanamid Company, 
t Run on 7-ply ECC-128HT laminates 35% resin. 
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Cquttcsy Piafkon Division, L.-O.-F. Glass Co. 


Figure 221a. An important new development in low- 
pressure laminating consists of a sandwich of parallel 
laminates of “Plaskon” 911 resin and glass clotp, sepa- 
rated by and bonded to a feather-weight honeycomb 
core made of the same resin reinforced by glass cloth. 
(above) Honeycomb core having a cross-section com- 
prising 3/16 inch diameter hexagons. 



Courtesy Plaskon Division, Glas§ C<f* 


Figure 221b. Half-mold of fuselage section with outer 
skin, half of resin bulkhead preform, honeycomb core, and 
tubular higher density cpre in place. 


CONTACT RESINS 


511 



Courtesy Plaskon Division, L.-O.-F. Glass Co. 


Figure 221c. Completed fuselage sec- 
tion with two half portions welded into 
single unit by final molding operation. 


Other low-pressure, no-pressure resins which appear to be of the poly- 
ester type are available under such designations as “Plaskon” 900 and 
911, “Thalid” X-500 series (Monsanto), “Sclectron” 5000 series (Pitts- 
burgh Plate Glass), certain “Marco” (“MR”) resins (Marco Chemicals), 
some of the “Vibrins” (Naugatuck), and “Paraplex” P~10 (Resinous 
Products). 

“Plaskon” 900 is supplied in two component parts which are admixed 
by the fabricator just before using, after first dissolving 2 per cent of 
benzoyl peroxide catalyst in one of the liquids. “Plaskon” 911-11 resin 
is supplied as a liquid to which 4 per cent of a readily soluble paste 
catalyst is added before using. At room temperature, 900 possesses a 
viscosity of about 8,000 cps.; 911-11, about 65,000. Care must be 
exercised in polymerizing thick sections because the reaction is highly 
exothermic and excessive temperatures may be attained by lack of ade- 
quate control. Suggested curing times for laminates up to 1/32 inch in 
thickness are given in Table 97. 


Table 97. 

Temperature of Curing Medium 
CC) 

70 

80 

90 

100 

110 

120 

150 


‘‘Plaskon 911-11 * 

Time Required for Cure 

9 hours 
3 hours 
1 hour 
30 minutes 
15 minutes 
8 minutes 
1-2 minutes 


Curing Conditions for 


* Manufaoturers’ data. Plaskon Division, L.-O.-F. Glass Co. 


The range of physical properties obtainable with “Plaskon*' 
laminates is shown in Table 98. 
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Table 98. Physical Properties of “Plaskon” 911-11 Resin Laminates * 

Materials Being Laminated 
Heat>Treated Cotton 


Physical Property 

“Fiberglas" Cloth 

Cloth 

Paper 


Normal 

Maximum 

Normal 

Normal 


Value 

Value 

Value 

Value 

Water absorption in 24 hr 

0.2 to .5% 

— 

1 to 3% 

1 to 3% 

Compressiye strength 

40,000 to 

70,000 psi 

16,000 to 

16,000 to 


60,000 psi 


30,000 psi 

30,000 psi 

Tensile strength 

40.000 to 

70.000 psi 

— ~-" 

20,000 psi 

■ 

Flexural strength 

65,000 to 

100,000 psi 

20,000 psi 

20,000 to 


75,000 psi 



25,000 psi 

Young's modulus in flexure 

2,500,000 to 

3,500,000 psi 

400,000 to 

700,000 to 

(stiffness) 

3,000,000 psi 

700,000 psi 

1,000,000 psi 

Density 

1.75 to 1.85 

— 

1.4 

1.4 


* Manufacturers* data. Plaskon Division, L.-O.-F. Glass Co. 


“Thalid'^ X-600 series resins are supplied as slightly viscous fluids 
which are admixed with about 12 per cent of their own weight of mono- 
meric styrene and 0.6 per cent benzoyl peroxide prior to casting or 
laminating. Physical properties determined in accordance with Federal 
Specifications LP-406 on laminates consisting of ^ inch panels of heat- 
treated, cross-laminated 0(>64 ‘Tiberglas,^^ with a resin content of 45 
per cent by weight (59 per cent by volume) are given in Table 99. 

Table 99. Characteristics of Typical Glass Fabric Laminates Based on 
‘‘Thalid** X-SOO Series Resins * 


Property 

Unit 

Direction of Load 

Value 

Tension 

Psi 

Longitudinal 

46,000 


Psi 

Transverse 

44,000 


Psi 

45° 

14,000 

Compression 

Psi 

Longitudinal 

46,500 


Psi 

Transverse 

44,500 


Psi 

45° 

16,500 

Flexure 

Psi 

Longitudinal 

71,000 


Psi 

Transverse 

63,500 


Psi 

45° 

27,500 

Modulus of Elasticity in Tension 

Psi 

Ijongitudinal 

2.1 X 10* 


Psi 

Transverse 

2.0 X 10» 

Modulus of Elasticity in Flexure 

Psi 

Longitudinal 

2.6 X 10« 


Psi 

Transverse 

1.8 X 10» 


Psi 

45° 

0.75 X 10« 

Proportional Limit in Flexure 

Psi 

Longitudinal 

28,500 


Psi 

Transverse 

15,500 



45° 

9,500 

Coefficient of Thermal Expansion 

cm/cm/® F 

Longitudinal 

7.8 X 10“8 


cm/cm/° F 

Transverse 

8.5 X 10-« 

Water Absorption 

% 


0.5 

Hardness, Rockwell 

M 


112 

Chemical Resistance 




Aviation Gasoline 

% loss 


0.2 

“Prestone** 

% loss 


0.1 

Flammability, Burning rate 

in per min 


Self-extinguishing 

Specific Gravity 



1.77 


Manufacturers* data. Monsanto Chemical Company. 
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The ''Selectrons'' are quick-curing resins supplied as monomeric liquids 
which are polymerized by heating at temperatures up to 250® F after ad- 
dition of a suitable catalyst such as benzoyl peroxide or tertiary butyl 
hydroperoxide. Properties of '‘Solectron’' 5003 monomer are listed in 
Table 100. 


Table 100. Properties of Typical " Solectron'^ 5003 Monomer* 


Color 

Specific Gravity at 77® F 
Viscosity at 77° F. cps. 

Flash Point, ® F 
Shrinkage during cure, % 

Stability of liquid in dark at 77® F 
Stability of liquid in dark at 150® F 
Tank Life of liquid at 80® F: 
in presence of 0.8% of benzoyl peroxide 
in presence of 0.8% of tertiary butyl hydro- 
peroxide 


Pale yellow 
1.13 

470-550 

75 

7-8 

Greater than 5 months 
10 days 

20 hr 

2 hr 


* Manufacturers' data. The Pittsburgh Plate Glass Company. 


Properties of unfilled cast "Selectron” 5003 and of laminates based 
on this resin are given in Tables 101 and 102. 


Table 101. Properties of Unfilled Cast Polymer, ‘‘Selectron" 5003 * 


Physical Properties 
Specific Gravity at 77® F 
Hardness: Barcol Impressor 
Rockwell, M scale 
Tensile Strength, psi at 80® F 
Flexural Strength, psi at 80° F 
Compressive Strength, psi at 80° F 
Modulus of Elasticity in Flexure, psi 
Modulus of Elasticity in Compression, psi 
Tan. Prop. Limit in Compression, psi 
Unnotched Izod Impact Strength, ft lb 
Abrasion Resistance, Taber (Plexiglas) 

Abrasion Resistance to Falling Emery (Plexiglas) 

Heat Distortion Point, ° C 
Chemical Resistance 
Water Absorption: 

% after 24 hr at 77® F 
% after 4 hr at 212® F 
Acetone Absorption, % (A.S.T.M.) 

Benzene Absorption, % (A.S.T.M.) 

Chloroform Absorption, % (A.S.T.M.) 

Aviation Gasoline Absorption, % (A.S.T.M.) 

Heat Stability 
Degree of Checking 
Time of Checking, hours 
Weight Loss, % liter 1 hr at 240° F 

* Manufacturers' data. The Pittsburgh Plate Glass Company. 


1.220 

52 

115 

4,000 

5,800 

21,300 

550.000 

490.000 
15,700 

0.70 

1 

2.5 

90 


0.46 

0.99 

Disintegrates 

0.39 

Disintegrates 

0.05 


0 

Greater than 48 
0.36 
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7»ble lOS. Properties of lypicsJ laminates Based on “Selectron” 8003 * 


Laminate Data 


Material 

CoHen 

**Fiherglas^^ 

fiecthTreoM 


Mt*din 

OC-64 . 

RCC-m 

Fiber Orientation 

Parallel 

Crossed 

Cross Woven 

Catalyst 

0.8% Bz-iOg 

0.8% BzaOg 

0.8% BzjOj 

Cure 

2hratl70®F 

2hratl70®F 

2 hr at 170® F 


1 hr at 250® F 

1 hr at 250® F 

lhrat250®F 

Pressure 

Contact 

Contact 

Contact 

Thickness^ in 

Resin Contents % 

ii&y2 


H&a 

66&61 

45&42 

45&d8 

Physical Properties 

Specific Gravity at 77® F 

1.307 

1,594 

1.650 

Hardness: Barcol 

41 

58 

64 

Rockwell M 

101 

114 

114 

Tensile Strength, psi 

8,400 

11,200 

36,300 

35,000 

37,900 

Flexural Strength, psi 

64,300 

Compressive Stren^h, psi 

15,000 

37,400 

23,000 

Mod. Elast. Tension, psi 

1,040,000 

2,110,000 

2.480.000 

2.370.000 

Mod. Elast. Flexure, psi 

1,050,000 

2,280,000 

Mod. Elast. Compression! psi 

590,000 

1,940,000 

1,950,000 

Tan. Prop. Limit in Compr., psi 

4,000 

37,000 

21,900 

Notched Isod Impact Strength, ft lb 

0.54 

20.2 

14.6 

Bonding Strength (corr. value in), 
psi 

1,238 

1,520 

1,389 

Burning Rate, in/min 

0.48 

0.48 

0.47 

Chemical Resistance 

Water Absorption, % (A.S.T.M.) 

0.74 

0.35 

0.45 

% (4 hr at 212® F) 

2.10 

0.96 

0.81 

Acetone Absorp., % (A.S.T.M.) 

7.67 

6.40 

5.53 

Benzene, % (A.S.T.M.) 

0.18 

0.10 

0.06 

Chloroform, % (A.S.T.M.) 

25.51 

32.36 

21.63 

Aviation gasoline, % (A.S.T.M.) 

0.08 

0.35 

0.23 

Acetone Insoluble, % (A.S.T.M.) 

96.2 

98.2 

98.4 


* Manufacturers’ data. The Pittsburgh Plate Glass Company. 


While “Selectron” 6003 is a hard, rigid plastic, 6009 possesses a degree 
of flexibility approaching that of polymethyl acrylate. Inasmuch as these 
resins are compatible in all proportions, physical properties between these 
two limits of rigidity and flexibility can be obtained. 

Characteristic properties of “Vibrin” 103 are given in Table 103. 
“Vibrin” 120 yields a flexible resin on curing. 

According to the manufacturer, free “Vibrin” surfaces should be cov- 
ered with impervious sheets to insure proper cure and eliminate surface 
softness, Tbie requirement is characteristic, to a greater or less degree, 
of all contact resins currently available, although suppliers of a few of 
them lay claim to freedom therefrom. In this connection it is pertinent 
to recall the theory of Barnes concerning inhibition of polyperisation of 
methacrylates by the presence of excess oxygen. (See pages 462-463 for 
discussion of this subject.) 
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Table 103. Properties of “Vibrin-103” Resin * 


Specific gravity 

1.28 

Vol. shrinkage on curing 

9.4% 

Unnotched Izod impact strength at room temperature 

10.3 ft Ib/in* 

Flexural strength at room temp. 

17,000 psi 

Young’s modulus at room temp. 

240,000 psi 

Rockwell hardness at room temp. 

M-80 

Elongation at break 

5 to 10% (est.) 

Refractive index 

1.533 

Electrical Properties 


Volume resistivity 

6 X 10^* ohm-cms 

Dielectric constant (50 cycles) 

5.1 

Loss factor (50 cycles) 

0.17 

Dielectric strength (.006" sample) 

2,000 v/mil 

Chemical Resistance (A.S.T.M. 1 week immersion at room temp.) 


Distilled water 

1.05% absorption 

30% Sulfuric Acid 

0.45 % absorption 

3% Sulfuric Acid 

0.87 % absorption 

10% Nitric Acid 

0.95% absorption 

10% Sodium Hydroxide 

1 2.11% absorption 

1 % Sodium Hydroxide 

0.87 % absorption 

95% Ethyl Alcohol 

1 2.03% absorption 

Acetone 

1 9.5% absorption 

Carbon Tetrachloride 

0.20% absorption 

Gasoline 

Nil 


* Manufacturers’ data. Naugatuck Chemical, 
t Eventually cracks. 


Certain “MR” resins, manufactured by Marco Chemicals, Inc., and 
available in laminated form under the designation “Marcolite” (Con- 
tinental Can Company) are analogous contact resins. “MR-17” is a 
current grade. Average properties of various types of “Marcolite” are 
listed in Table 104. 

Resins of the low-pressure, no-pressure type have also been developed 
for use as impregnants and sealants of porous metals, such as aluminum 
and magnesium castings. Among materials evolved for this purpose are 
"Thalid” X-100 series resins and “Ault and Wiborg No. 988 Metal Im- 
pregnating Compound.” These products are low molecular weight poly- 
esters which are admixed with styrene and thermo-hardened after im- 
pregnation of the metal casting by vacuum technique. 

Contact Resins Produced from Doubly Unsaturated Monomers 

Allyl Resins. Despite the fact that allyl acrylate was polymerized to 
a hard, insoluble, and infusible mass as early as 1873, it was com- 
monly supposed for years that compounds possessing the allyl configura- 
tion were incapable of polymerization. In 1939, however, B. S. Garvey, 
Jr., working in laboratories of the B. F. Goodrich Company, reported 
that copolymerization of a small amount of diallyl succipate with vinyl 
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* Manufactilrers’ data. Marco Chemicals, Inc. 
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acetate, using benzoyl peroxide as a catalyst, resulted in a cross-linked 
or “vulcanized” polymer lacking thermoplasticity. A characteristic seg- 
ment of its structure may be represented as follows: 


O O 

O-dl-CHa o— (L ch, 

in— CHj— I:H— CHa— CH— CHr 

djHj 

i 

(l!=0 

(*:Ha 

(!:h, 

(!>==o 

o o d) 

O-lj-CHa O-lj-CHa in, 

— in— CHj— ^H— CHj— in— CHs- 


o 

0-(!!!— CHa 
-d:H — CHs — 


o 

oJU 


Where the amount of diallyl succinate is between 0.01 and 0.1 per 
cent, solubility of the polymer is somewhat less than that of polyvinyl 
acetate itself, but thermoplasticity is not greatly affected. More than 
one per cent of diallyl succinate yields products which are neither soluble 
nor thermoplastic. 

The use of diallyl succinate as a “vulcanizable plasticizer” for pre- 
viously prepared polyvinyl acetate was also developed by Garvey. The 
resin is first plasticized with this monomeric ester and the latter is then 
polymerized with the aid of heat and a catalyst to yield a product which 
shows much lower plasticity and solubility than the original polyvinyl 
acetate. Garvey explains this change in the initial resin as being caused 
by the development of mechanical cross-linking of the linear chains of 
the acetate by the complex three-dimensional structure of the allyl poly- 
mer intimately entangled therewith. So-called “vulcanizable plasti- 
cizers” like diallyl succinate have been found useful in decreasing thermo- 
plasticity of a wide range of materials, including not only polyvinyl 
acetate, but also the corresponding chloride, polystyrene, polymethyl 
methacrylate, cellulose acetate, shellac, asphalt, ester gum, and halo- 
genated naphthalenes and biphenyls. 

Shortly after these developments by Goodrich became known, it was 
announced that the Shell Development Company was undertaking the 
production and exploitation of resins made by polymerization of diallyl 
phthalate. 
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This company had just introduced a commercial process for making 
allyl alcohol from propylene by high temperature chlorination of this 
olefin: 


(1 ) H 2 C=CH— CHa + Clt — ^ H 2 C=CH— CH 2 CI 
followed by hydrolysis: 

(2) H2C=CH~CH2C1 + HiO — H2C=CH-~CH20H 


Allyl alcohol is now also produced from propylene by the Carbide and 
Carbon Chemicals Corporation through other intermediates. 

Initial interest in ShelPs diallyl phthalate polymers was reported to 
lie in the field of tin can liners. 

Shell is now offering a diallyl phthalate laminating varnish in the form 
of a 50 per cent solution of partial polymer in toluene. Volume shrinkage 
of the polymer during final cure is about four per cent. Tert-huiyl 
perbenzoatc, with or without add*ed benzoyl peroxide is recommended as 
a catalyst. By use of proper pre-curing technique, this diallyl phthalate 
varnish resin can be adapted to use of laminating pressures ranging 
from 150 to 4000 psi. 

Because of the presence of two polymerizable double bonds in this 
ester, resinous polymers of diallyl phthalate are tridimensional. 

In 1941 the Pittsburgh Plate Glass Company announced a series of 
allyl resins of undisclosed nature, known first as *^*Columbia Resins^^ 
and recently re-named ^^Allymers.'^ While a whole family of numbered 
^^Allymers^' has been described, ‘^CR-39^' has been especially stressed. 
This material, possessing two allyl groups in its monomeric unit, is cap- 
able of polymerizing to a tridimensional plastic. It is produced as a fluid, 
water-white monomer. According to the 1943 Americana Annual, “CR-39*' 
is diallyl ethylene glycol dicarbonate. It seems more likely, however, 
that ^^CR-38^^ corresponds to this derivative of ethylene glycol, while 
*^CR~39’* is probably the corresponding compound derived from diethyl- 
ene glycol and, in turn, is obtained from an intermediate recently of- 
fered for sale by the Pittsburgh Plate Glass Company; namely, diglycol 
chloroformate 


1 — O— C^-Cl 


yCHsr-CH* 


NCH 2 ---CH 2 ---O--C--CI 
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Upon addition of a peroxide catalyst, the “Allymers” can be cast into 
transparent sheets (known as “Allites”) and other shapes approaching 
the methacrylates in clarity. Curing is carried out at temperatures of 
70 to 115°. During polymerization, the liquid first becomes a viscous fluid 
and then a gel before it hardens. Shrinkage during polymerization is 
about 14 per cent. 

Although ^‘CR--39" possesses excellent clarity in sheet form, there is a 
slight yellowish edge color and some slight tendency toward discoloration 
(yellowing) upon weathering. 



Figure 222. Comparison of heat resistance of certain transparent plastics as 
measured by ASTM heat distortion test D-48-47. {Adapted from Pechukas, 
Strain, and Dial^^) 


^^Allite CR-39’' possesses greater abrasion resistance than transparent 
thermoplastics like the methacrylates. Although cross-linked, it under- 
goes limited deformation with heat at about the same temperature as the 
methacrylates and can be formed by similar methods at 95-105°, al- 
though it is somewhat more restricted in formability. It cannot, for ex- 
ample, be deep-drawn. While this material is comparable to polymethyl 
methacrylate insofar as initial temperature of deformation under load 
is concerned, it differs from the latter markedly in that increase of tem- 
perature beyond a certain maximum does not cause further deformation. 
This anomalous behavior is illustrated in Figure 222. 

It is reported that clear sheets of ^'Allite CR-39” do not erase junder 
stress, even upon exposure to solvent vapors. In this respect ‘^CR-39” is 
reported to be superior to polymethyl methacrylate and polystyrene. The 




520 


CHEMISTRY OF COMMERCIAL PLASTICS 


burning rate of ''CR-39” is only about one-third that of polymethyl 
methacrylate. Unlike monomeric methyl methacrylate, the monomer 
of “CR-39” can be stored indefinitely without change, even without addi- 
tion of an inhibitor. 

“Allymer CR-39” can be used for manufacture of no-pressure lami- 
nates. In curing sheets up to one-eighth inch in thickness, enclosed be- 
tween glass plates and heated in air, the manufacturer recommends heat- 
ing for 2 hour§ at 80°, followed by 2 hours at 100°, or a rising tempera- 
ture cycle in which the oven temperature is gradually raised from 82 
to 116° over a period of 4 hours. 

In order to decrease curing time or reduce fiow in the early stages of 
polymerization, so as to prevent resin segregation, it is sometimes desirable 
to polsunerize “All3aner CR-39” partially, until a thick syrup is formed, 
before carrying out impregnation. After thickening, cooling retards 
further cure so that the viscous fluid may be kept for several hours, or 
even days, at room temperature. 

Typical physical properties of cast transparent “CR-39” and of 
laminates are given in Tables 105 and 106. 


Table 105. Properties of Clear Cast ** Columbia^' Resins” 



C.R. 39-1 

C.R. 39Bd 

C.R. 149 

Specific gravity (25/4®) 

1.31 

1.38 

1.34 

Refractive index (20°) : no 

1.50398 

1.51 

1.52 

Uc 

1.50131 

— 

— 

Uf 

1.51002 

— 

— 

Dispersion factor, ^ 

^ uf nc 

Hardness 

57.84 

— 

— 

Knoop 

Bar col Impressor, 15 sec 

Rockwell, M scale 

11 to 14 

16 to 19 

19 to 22 

26 to 30 

38 to 42 

48 to 54 

95 to 100 

110 

117 

Cold flow, Barcol Impressor, 15 sec 
Plastic yield, in (1000 lb, J^in cube) : 

8 to 11 

4 to 6 

4 to 6 

Room temperature 

0.006 

0.002 

0.003 

Room temperature plus 50° 

Abrasion resistance: 

Mar resistance: 

0.022 



Taber, times that of methacrylate 
Falling emery, 
times that of methacrylate 

30 to 40 

20 to 30 

18 to 25 

8 to 10 

5 to 8 

3 to 5 

times that of glass 

Wear resistance, times that of meth- 

1.2 to 1.4 

0.7 to 1.0 

0.7 to 1.0 

acrylate 

2 to 3 

— 

— 

Tensile strength, 25°, psi 

6,000 to 

7,000 to 

11,000 to 

Modulus of rupture, psi: 

60° (122° F) 

6,000 

9,000 

13,000 

6,000 to 
6,000 

11,000 to 
14,000 



25° (77° F) 

8,0C)0 to 
10,000 

20,000 to 
25,000 

26,000 

- 10° (14° F) 

13,000 to 
15,000 

— 

- 57° (- 70° F) 

14,300 

— 

— 
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Table 105 

— (Continued) 

C.R. 39-1 

C.R. 8QBd 

C.R. 140 

Modulus of elasticity in flexure, psi: 

50'’ (122'’ F) 

160,000 to 

200,000 to 

— 

26® (77® F) 

200,000 
250,000 to 

250,000 
440,000 to 

550,000 

- 10® (14® F) 

330,000 
370,000 to 

470,000 

- 57® (- 70® F) 

400,000 

340.000 



Compressive strength: 

Ultimate, psi 

22,800 

25,000 to 

26,000 

Modulus, psi 

230,000 

27,000 
300,000 to 

400,000 


400.000 


Impact strength, 25®, ft lb per in: 

Izod, notched 

Charpy, notched 

0.3 to 0.4 

0.3 to 0.4 

0.3 to 0.6 

0.3 to 0.4 

— 

— 

Izod, unnotched 

Charpy, unnotched 

2 to 3 

4to6 

3to4 

3to4 

5 to 8 

— 

Specific heat, cal per g per ® C 

0.55 



Thermal expansion, linear coeflScient per ** 
-40'’ to - 10'’ 

C 

0.00007 



- 10® to + 25® 

0.000087 


— 

25® to 50® 

0.000107 

— 

— 

95® to 120® 

0.000153 

— 


Thermal conductivity: 

Cal per cm per sec per sq cm per ® C 

0.0005 

— 

— 

Btu per in per sq ft per hr per ® F 

1.45 

— 

— 

Heat distortion: 

Temperature producing 10 mils distor- 

tion, C 

55 to 70 

95 to 105 

65 to 70 

Distortion at 130®, mils 

35 to 66 

25 to 35 

175 to 190 

Maximum recommended operating tem- 
perature under no load 

Continuous service 

100® (212® F) 

135® (275® F) 

100“ (212° F) 

Intermittent (1-hr duration) 

150® (302® F) 

— 

150° (302° F) 

Burning rate, K-in sheet. Navy test, in 

per min 

0.3 

0.5 

0.4 

War page 

0.00 

— 

— 

Light transmission before aging, white. 

per cent 

90 to 92 

— 

— 

Haze before aging 

1 to 2 

— 

— 

Light transmission after aging, white, per 

cent 

89 to 91 

— 

— 

Water absorption, per cent 

0.2 to 0.4 

0.2 

0.2 

Power factor: 

1 kc 

0.012 



1 me 

0.057 

— 

— 

Dielectric constant: 

1 kc 

3.8 

— 

— 

1 me 

3.6 

— 

— 

Dielectric loss: 

1 kc 

0.047 

— 

— 

1 me 

0.20 

— 


Dielectric strength (samples ^ inch 
thick): 

Short-time, v per mil 

570 

— 

— 

Step-by-step, v per mil 

525 

— 

— 

Resistance to chemical reagents — gain in 

wt. after 7 days immersion, per cent: ^ _ 

Distilled water 

0.7 

0.7 

0.5 to 0.7 

30%HiS04 

0.6 

— 

— 
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Table 105 — (Continued) 

C.R. 39-1 C.R. 39Bd 

C.R. 149 

3% HsS04 

0.7 

— 

— 

10% HNO, 

0.7 

— 

— 

10% HCl 

0.4 

— 

— 

10% NHiOH 

0.8 

— 

— 

10% NaOH 

0.5 

— 

— 

l%NaOH 

0.6 

— 

— ^ — 

2% Na2C08 

0.6 

— 

— 

1% NaCl 

0.6 

— 

— 

3 % H 2 O 2 

0.7 

— 

— 

96% ethyl alcohol 

0.1 

— 

— 

50% ethyl alcohol 

0.5 

— 

— 

Acetone 

0.5 

0.4 to 0.6 

0.2 

Ethvl acetate 

Carbon tetrachloride 

0.3 

— 

— 

0.6 

— 

— 

Chloroform 

1.5 

0.6 

— 

6% acetic acid 

0.6 

— 

— 

Gasoline 

0.1 

0.1 

— 

Oleic acid 

0.2 

— 

— 

Benzene 

0.7 

— 

— 

Toluene 

0.6 

— 

— 


» Under special conditions, such as use of a ‘‘CR-39~1 ” sheet as the inner panel of a 
heated-air de-icing window, “CR~39-1*' has performed satisfactorily over long periods 
with 240° F air on one surface and room temperature air on the opposite surface. 


Table 106. Physical Properties of ‘‘C.R. 39'^ Laminates ** 


Density, 25° 

Kraft Paper 

1.38 

Hurlbut 716 Paper 
(Pulp Paper) 

1.40 

Mitscherlioh Paper 
(Spruce Buiate) 

1.41 

Resin, per cent 

58 

58 

45 

Hardness: 

Barcol 

36 

40 

39 

Rockwell, M scale 

98 

94 

— 

Cold flow, Barcol 

7 

6 

6 

Water absorption, 24 hr 
at 25°, per cent 

3.9 

2.4 

8.5 

Tensile strength, psi 

Machine Cross 

Direction Direction 

21,60P 10,700 

Machine Cross 

Direction Direction 

12,200 11,200 

Machine Cross 

Direction Direction 

25,600 10,400 

Modulus of rupture, psi 

22,600 17,400 

18,400 16,800 

25,800 16,400 

Modulus of elasticity, psi 

1,190,000 780,000 

940,000 800,000 

2,090,000 820,000 

Compressive strength 
(edgewise), psi 

14,500 13,600 


14,100 12,900 

Impact strength (notched 
Izod), ft-lb per in 

0.91 0.6 

1.0 1.0 

1.1 0.90 

Density, 25° 

8-os. Duck 

1.37 

360 Cotton Sheeting 

1.38 

Exeter Print Cloth 

1.38 

Resin, per cent 

61 

58 

65 

Hardness: 

Barcol 

22 

32 

86 

Rockwell, M scale 

72 

87 

91 


Cold flow, Barcol 7 7 7 

Watet absorption, 24 hr 
at 25°, per cent 


1.6 


1.1 


0.9 



CONTACT RESINS 


533 



Table 

106 — {Continued) 





Warp 

Fill 

Warp 

Fill 

Warp 

Fill 

Tensile strength* psi 

0,000 

7,200 

12,000 

6,200 

16,500 

7,300 

Modulus of rupture* psi 

14,100 

13,100 

17,400 

11,600 

20,000 

11,200 

Modulus of elasticity, psi 

420,000 

360,000 

570,000 

470,000 

760,000 

480,000 

Compressive strength 
(edgewise), psi 

13,700 

13,200 


17,700 

16,300 

Impact strength (notched 
Izod), ft-lb per in 

3,7 

3.6 

1.7 

1.4 

1.8 

1.0 



C.R. 39Bcl® 

C.R. 39Bd 
Standard 

C.R. 39Bd 
Heat-treated 

C,R, 149 
Heat-treated 


Heat-treated 

OC-64 

OC-64 

OC-64 


OC-C4 “Fiberglas” 

“Fiberglas” 

“Fiberglas” 

“Fiberglas” 



Plies Crossed 

Plies Crossed 

Plies Crossed 

Density, 25® 

1.77 


1.89 

1.85 

1.75 

Resin, per cent 

41 to 44 

39 

40 

40 

Hardness: 






Barcol 

57 


45 

60 

70 

Rockwell, M scale 

108 


107 

113 

117 

Cold flow, Bar(!ol 

Water absorption, 24 hr at 

6 


7 

5 

3 

25°, per cent 

Acetone absorption, 1 week 

0.4 


1.9 

1.4 

0.3 

at 25°, per cent 

0.7 


1.7 

0.7 

0.2 


Warp 

Fill 




Tensile strength, psi 

85,000 to 

4,600 

.54,100 

53,400 

53,400 


100,000 


' 



Modulus of elasticity, psi 

4,160,000 1,010,000 

2,600,000 

3,100,000 

2.840,000 

Modulus of rupture, psi 

113,500 

6,600 

55,500 

72,200 

87,800 

Modulus of elasticity, psi 

3,320,000 1,130,000 

2,650,000 

2,150,000 

2,640,000 

Compressive strength, psi: 






Edgewise 

60,700 

20,600 

28,000 

42,.500 

54,400 

Tangent proportional limit 

59,600 

12,250 

26,500 

38,300 

52,900 

Modulus of elasticity 

3,320,000 

— 

2,310,000 

2,160,000 

2,360,000 

Shear strength, psi 

Fatigue limit, 10,000,000 cy- 

29,200 

5,400 

— 

22,500 

26,500 

cles, psi 

— 

— 

— 

22,500 

— 

Bonding strength, psi 

Impact strength (notched 

1,980 

— 

1,260 

1,800 

1,849 

Izod), ft-lb per in 

over 25.3 

1.1 

30 

27 

over 26 


“ Fabric plies oriented with all warp threads parallel 


Figures 323 and 224 compare the mar resistance of transparent sheets 
of glass, “Allite CR-39,” and cast polymethyl methacrylate. 

“MR-IA” (“Marco” Reein lA) is an allied allyl resin which has 
found especial utility in combination with “Fiberglas.” The tensile 
strength pf oast, unfilled “MR-1 A” is in the order of 6200 Ib/sq in. Its 
modulus in tension averages 370,000 Ib/sq in. Its density is 1.2. Stress- 
strain curves of various “Fibsrglas” laminates constructed with “MR- 
lA” are given in Figure 225. 
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Physical teste corresponding to the curves of Figure 225 are given in 
Table 107. 



EMERY IN GRAMS 


Figure 223. Comparative falling emery mar resistance (modified ASTM pro- 
cedure) of “Allymer” CR 39, polymethyl methacrylate, and glass. (Strain^^) 



0 * 100 200 300 400 500 600 700 

NUMBER OF REVOLUTIONS 


Figure 224. Comparative Taber mar resistance (CS-10 wheel) of 
“Allymer” CR 39, polymethyl methacrylate, and glass. (Strain^“) 

Other properties of ‘‘MR-lA”-‘Tiberglas” laminates are given in 
Table 108. 
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Figure 225. Stress-strain curves for various “Fiberglas” laminates 
bonded with MR-IA resin. Ultimate tensile stress values are given in 
Table 107. {Arnintronq^) 


Specific strength values of *‘MR-1A” laminates are compared with 
those of aluminum in Table 109* 

The B, F. Goodrich Chemical Company has recently developed an- 
other allyl resin called “Kriston/^ properties of which have been given 
by S. L. Brous, Modem Plastics, 23, No. 4, 107 (Dec. 1945). A char- 
acteristic of particular interest is its low shrinkage on polymerization — 
3.25 to 4 per cent from monomer to polymer at room temperature. 


Table 108. Average Properties of “MR-IA' -“Fiberglas” Laminates® 


Impact strength, notched Izod (ft-lb/in of notch) 
Ultimate shear strength (Ib/sq in) 

Ultimate compressive strength, flatwise (Ib/sq in) 
Moisture absorption (%) 

Gasoline absorption (%) 

Hardness, Rockwell 
Hardness, Barcol Impressor 
Heat distortion (° F) 

Coefficient of linear expansion (per ® P) 

Burning rate (in /min) 


25-100 

14.000- 33,000 

41.000- 76,000 
0.2-OA 

0.01-0.15 
71-107 
40-65 
300-360 
2.7-6.2 X 10-* 
(H0.4 



Table 109. Specific Strength Values “MR-lA”-“Fiberglas^' Laminates^ 
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Resins Produced from Other Doubly Unsaturated Monomers. It 

will be apparent from the preceding discussion that other doubly un- 
saturated monomeric esters should be capable of giving rise to contact 
resins. Glycol and poly glycol esters of acrylic and methacrylic acid, 
for instance, fall within this category. Likewise, esters of unsaturated 
alcohols and unsaturated acids are also subject to the generalizations 
heretofore drawn. Resins from such esters as allyl itaconate have been 
patented, while numerous Russian publications, for example, have shown 
interest in such esters as methallyl methacrylate. 

The field of low-pressure, no-pressure resins is an important one 
which is rapidly expanding. Significant new developments in resins, 
fabricating technique, and applications in the aircraft, automotive, and 
other fields can be expected during the next few years. 

Prices of these resins at the present time run between 60 cents and 
two dollars per pound. 
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Chapter 20 

Natural and S 3 mthetic Elastomers 

Gbnebal 

The rubber and plastics industries have followed separate paths dur- 
ing most of their history, yet these two fields of technology have much 
in common. The synthetic rubber program has emphasized this fact, 
but even before its advent the larger rubber companies had begun to 
give commercial expression to a growing appreciation of this relationship. 

Natural rubber is a linear thermoplastic high polymer composed of 
exceptionally long molecules. The extreme length of these molecules 
permits them to exist in randomly kinked forms which, upon being 
stretched, tend to straighten out. Thus, under tension, rubber molecules 
untangle themselves and become more nearly linear. As a consequence 
they also become longer and align themselves more or less parallel to 
each other. At those points where the highest degree of orientation pre- 
vails, minute crystallites are developed. An individual molecule may 
traverse several of these microcrystalline regions. This crystalline char- 
acter is more pronounced in rubber which is stretched rapidly than in 
that which is extended slowly. The tensile strength of rubber increases 
upon stretching, in much the same manner as orientation augments the 
strength of pseudo-crystalline plastics like nylon and saran. Unlike 
these plastics, however, the uncoiling and parallel orientation of rub- 
ber molecules is only transitory. The latter return to their original ran- 
domly kinked configuration as soon as stress is relieved. It is this char- 
acteristic which causes rubber to exhibit the phenomenon of reversible 
extensibility, commonly called elasticity. 

At temperatures which are sufficiently low to make molecular motion 
sluggish, stretched rubber remains in the oriented, microcrystalline state 
and is said to be “racked.” It is interesting to note that the molecular 
alignment of racked rubber is reflected in the fibrous character of frac- 
tured particles. 

Although innumerable articles and many volumes have dealt with 
the science and technology of rubber, and although x-ray studies, in 
particular, have contributed enormously to our imderstanding of this 

530 
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material, much of its chemistry still remains an enigma. It is fortunate, 
however, that remarkable advances in rubber technology have not had 
to await physical and chemical elucidation of its nature. 

As with natural rubber, the phenomenon of reversible extensibility in 
synthetic rubbers can also be traced to the uncoiling of kinked molecular 
chains of great length. The extent to which synthetic elastomers exhibit 
crystallisation upon stretching, however, as shown by x-ray diffraction 
patterns, varies according to chemical species. Where some cross-linking 
occurs during their formation, or where the polymeric structure is un- 
symmetrical, crystallization is at a minimum or does not appear at all. 

Unlike reversible extensibility, the attribute of vulcanizability is not 
related to the agglomerate molecular character of an elastomer, nor is it 
a necessary corollary of elasticity. Many plasticized linear polymers — 
so-called “elastoplastics^’ — like vinyl chloride-acetate copolymers and 
ethyl cellulose, exhibit elastomeric character, but are not vulcanizable. 
Even apart from these substances, a number of macromolceular materials 
like polyisobutylene require no plasticizer for the development of elas- 
ticity although they cannot be vulcanized in the ordinary sense. The 
ability of an elastomer to undergo vulcanization depends upon the pres- 
ence of reactive points, somewhere in its molecular structure, making it 
possible to establish cross-linkages between several linear chains. Such 
intermolecular bridges may be the result of direct union between reactive 
groups brought about with the aid of heat or a metallic oxide, for ex- 
ample, as in the vulcanization of neoprene and ‘‘Thiokol.” More often, 
however, cross-links are introduced by reaction of the elastomer with 
an added chemical like sulfur, as in the case of rubber and the ^^Bunas,^^ 
The thermal sensitivity of the elastomer is reduced by the development 
of tridimensionality upon vulcanization. Plasticity is decreased. Tensile 
strength is improved. Solubility in various liquids which dissolve the 
uncured elastomer is considerably decreased. Other physical properties 
may also be affected. These results are reminiscent of the change in 
character of polystyrene brought about by copolymerization with a trace 
of divinyl benzene. We have already seen examples of vulcanization in 
preceding chapters. The cross-linking of polyvinyl alcohol with dibasic 
acids, of polyethylene maleate with vinyl acetate, of ‘Tetrex^' polybasic 
acids with ethylene glycol, of methyl acrylate polymers by treatment 
with quinone dioxime, and of ^^NorepoF^ by reaction with sulfur are reac- 
tions of this category. The vulcanization of rubber and various synthetic 
rubbers is an analogous phenomenon. 

The extent of cross-blinking during vulcanization may be a function of 
the number of reactive groups in the elastomer, the degree of complete- 
ness with which they can enter into reaction with added chemicals, the 
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amoimt of vulcanizing agent employed, the presence and nature of the 
curing agents, accelerators, and activators, and the conditions of cure. 
In natural rubber and in most butadiene polymers and copolymers the 
amount of unsaturation is large and all of the double bonds are reactive. 
Cross-linking by vulcanization with sulfur may therefore be very great, 
provided enough sulfur is added. Where only a small amount is em- 
ployed, the netting index is low and the restriction of the chains is at a 
minimum so that extensibility is not impaired, while recovery from 
stretching, that is decrease of permanent set, is materially improved. 
The products possess the well-known and valuable properties of soft rub- 
ber. The plasticity of the raw elastomer is decreased while elasticity and 
strength are less sensitive to temperature. Where sufficient sulfur is intro- 
duced to react with most of the unsaturation present, a high netting in- 
dex results and the product is hard, like ebonite. In the case of certain 
elastomers like neoprene and ^ThiokoF’ which are normally vulcanized 
in the presence of metallic oxides, the active groups do not appear cap- 
able of entering into complete reaction, for reasons yet unknown. Vul- 
canization develops only low netting indices and therefore only products 
resembling soft rubber can be obtained from these particular elastomers. 

In the case of ^^ButyF^ rubber, the degree of reactive unsaturation is 
purposefully limited to a very small amount. Only slight cross-linking 
can therefore be established and the vulcanized products resemble Boft 
rubber. 

In completely saturated elastomers possessing no reactive groups, such 
as the polybutenes, the opportunity for vulcanization is non-existent and 
such materials behave like normal thermoplastics. 

Nowhere in high polymer chemistry is the effect of added compound- 
ing ingredients more striking than in rubber technology. Not only are 
the properties of the vulcanized products contingent upon the nature and 
amount of curing agent used, but vulcanization itself may be greatly 
facilitated and controlled by the addition of accelerators and other ac- 
tivators of uncertain role. Antioxidants exert a pronounced effect upon 
the aging characteristics of soft vulcanizates which still contain unsatura- 
tion. Reinforcing fillers of a number of kinds exhibit the most sensitive 
influence upon the physical properties of the cured compounds. The 
latter effect is especially pronounced in the case of carbon black which 
enormously enhances the tensile strength and improves abrasion resistanee 
of natural rubber; it is even more essential to the proper compounding of 
butadiene rubbers. Several other kinds of compounding ingredients a^e 
also used by the rubber industry. The tdtal number of these additive 
materials is very great. 

Improvement in rubber compounding technique has been clearly re- 
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fleeted in increased longevity of automobile tires. Before the general 
introduction of carbon black in the early ’twenties, zinc oxide filled tires 
could not be relied upon for more than 3000 miles of halting service! It 
is a far cry from 3000 to 30,000 miles, yet the latter is now common- 
place, thanks to modern methods of compounding. Even during the 
decade of the ’thirties, mileage per tire was doubled. 

The technology of natural and synthetic rubbers has reached enormous 
proportions. In 1940 the United States consumed 608,000 long tons of 
natural material. In 1945, American production of synthetic rubbers 
reached 700,000 tons! 

This text makes no pretense of adequately covering, in a single chap- 
ter, an industry so vast. Only the general nature of the different kinds 
of elastomeric materials will be discussed. Specialized articles and ref- 
erence works should be consulted for details. 

Natural Rubber 

Rubber and other similar hydrocarbons occur widely distributed in 
nature in the latex of a very large number of plants. Among them all, 
Hevea Brasiliensi^ is the most important. It is the original wild rubber 
tree of the Amazon which was transported to the Far East where it has 
been cultivated on over nine million acres of plantations. About 97 
per cent of the world’s supply of natural rubber is grown in the Malay 
Archipelago and other territories of Southeastern Asia, notably Ceylon. 
Less successful cultivation has been attempted in Liberia and Brazil. 
All of these areas lie within a belt 1600 miles wide about 10® north and 
south of the equator, in territory having an annual rainfall of at least 
two meters. 

A much less important industrial source of rubber is guayule, a shrub 
native to Mexico, now cultivated to a limited extent in borderline states 
of this country. The Russian dandelion, kok-sagyz, has lately been ex- 
ploited with some success by the Soviets. 

In 1939, total world production of crude rubber was 1,002,768 long 
tons, of which 486,372 tons were imported into this country. A year 
later, world production was 1,390,469 long tons, with American imports 
accounting for 58.8 per cent of the total at an average New York price 
of 20.1 cents per pound. 


Latex 

Rubber latex is a slightly acidic, milky white emulsion which usually 
shows, a pH of about 6. Its composition varies with source, age of 
tree, season, and other conditions of tapping. Total solids ordinarily run 
between 30 and 45 per cent. Rubber and other non-rubber hydrocarbons 
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account for about 90 per cent of the solids, the remainder being various 
inorganic salts, proteins, sugars, quebrachitol, and acetone-soluble “res- 
ins,” including certain fatty acids of non-resinous character. According 
to Kemp, the values given in Table 110 represent a typical fresh lot of 
normal ammonia-preserved latex. 

Table 110. Typical Composition of Hevea Latex" 


Content in Per Cent BfMed on 


Substance 

Latex 

Dry Bolide 

Total solids 

40.02 

100.00 

Water and ammonia 

59.98 

— 

Acetone extractables 

2.05 

5.12 

Water-soluble substances 

3.04 

7.59 

Ash 

0.42 

1.05 

Nitrogen 

0.24 

0.61 

Rubber hydrocarbon 

33.98 

84.90 

Non-rubber hydrocarbon substances 

6.04 

15.10 


The impure rubber hydrocarbon is usually separated from latex by 
coagulation with acetic or formic acid. Wild rubber from Brazil— so- 
called ^Tara” — is precipitated by evaporation in the heat of a smoky 
flame, A grade formerly available under the designation L. S. rubber 
was produced by spray-drying (the letters standing for ^^latex sprayed^^). 
This method of coagulation has been largely abandoned and, inasmuch 
as wild rubber accounts for less than 3 per cent of total production, acid 
precipitation is most important. 

After coagulation, the rubber is rolled, washed, and smoked or creped. 
Smoked sheet is tougher than creped rubber because it is washed by 
passage between rolls rotating toward each other at the same speed. 
Creping, on the other hand, involves tearing between rolls running at 
unequal speeds, so that some mastication occurs during washing. 

Most natural nibber is coagulated on the plantation before shipment 
to this country, for it is costly to pay ocean freight on the water content 
of the latex. Moreover, natural latex is unstable and the rubber settles 
out on standing or during transit. Precipitation is partly the result of de- 
struction of the resinous or proteinaceous protective colloids by bacterial 
action and oxidation. 

During the past few years, methods have been developed for preserving 
latex and for utilizing it advantageously in many different ways, so that 
prior to Pearl Harbor, there was an annual upward trend in the volume 
shipped as such to this country. In 1939, the amount consumed in the 
United States corresponded to a little over 43,000 long tons of dry rub- 
ber. 

Addition of alkalies, especially ammonia, to latex prevents bacterial 
action and stabiliaiss the suspension so that it can be preserved in- 
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definitely. Latices poor in rubber hydrocarbon usually require more 
ammonia than richer ones. 

Two general methods for manufacture of solid rubber goods from 
latex have been developed. The rubber may be precipitated upon suit- 
able forms which are first dipped in an aqueous solution of a colloid- 
precipitating electrolyte, such as zinc chloride, and then in latex. Oc- 
casionally, an electrically conducting form may be made the anode of 
a cell in which latex is used as electrolyte. Generally a porous form is 
used and an electrolyte placed within it. The anode is immersed in the 
electrolyte and the form is surrounded with latex which carries the 
cathode. The negatively charged colloidal rubber particles are thus 
precipitated on the form. Sulfur, accelerators, and fillers are sometimes 
incorporated in the latex so that they will also be deposited with the 
rubber which can then be vulcanized later. 

Several processes have been developed for concentrating latex be- 
fore shipment. The most important are (1) separation of a more highly 
concentrated latex by centrifuging; (2) creaming by addition of glue, 
Iceland moss, or some other chemical capable of separating latex into 
two layers, one rich in rubber, the other poor; and (3) evaporation of 
water after addition of a hydrophilic substance capable of stabilizing 
an emulsion. 

By the third process, a product known as ^^Revertex^' is produced 
which contains as much as 80 per cent solids and which can be diluted 
to any desired concentration without precipitation. 

It has also been found possible, by adding suitable emulsion-stabiliz- 
ing agents, to vulcanize the rubber particles in latex before coagulation. 
Such a product is manufactured under the name “Vultex.'^ The same 
process may also be applied to concentrated latices. The colloidal be- 
havior of these vulcanized latices is the same as that of the unvul- 
canized suspensions. They may be precipitated either by a coagulating 
electrolyte or by electrodeposition to yield a continuous and strong film 
of vulcanized rubber. 

Latex has also assumed importance in the manufacture of rubberized 
filaments and fabrics. For a given rubber content, latex is far less 
viscous than a benzene or toluene solution of rubber. Hence, fabric can 
be very satisfactorily rubberized by impregnation with latex. Addition 
of wetting agents enhances its value for this purpose. 

Deproteinized Rubber 

Most of the water-soluble components of latex remain in solution 
during coagulation. The resins and proteins, however, together with a 
portion of the water-soluble substances also, are carried down and are 
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therefore present in ordinary crude rubber. For most applications, the 
presence of these extraneous materials in small amounts is not detri- 
mental. Indeed, they are often definitely advantageous in promoting 
vulcanization and improving the properties of the vulcanizates. For 
certain specialized uses, however, such as cable sheathing, where ex- 
treme wa+er-resistance is essential, they may be troublesome. 

Several methods have been developed for deproteinizing rubber. 
Among them, the most effective one involves hydrolysis by addition of 
alkali and heating to about 50°. The proteinaceous degradation products 
are soluble in water and can be removed by subsequent dilution, coagula- 
tion, and washing, or by dialysis followed with coagulation and washing. 
Care must be observed to keep the temperature of hydrolysis as low as 
possible so that the rubber hydrocarbon will not be affected deleter iously. 
Deproteinized rubber is more readily oxidized than ordinary crude rub- 
ber and is somewhat less readily vulcanized. Whereas the nitrogen con- 
tent of ordinary crude averages about 0.4 per cent, deproteinized rubber 
is available in which this figure has been reduced to 0.015 and even 
0.006 per cent. In commerce, deproteinized rubber is distinguished by 
the slightly pink color imparted to it by purposeful addition of a trace 
of eosin. 


Chemistry 

Pyrolysis, ozonization, hydrogenation, and other reactions show that 
the rubber hydrocarbon is a linear 1,4-addition polymer of isoprene, 

HaC=C— CH=CHa 

in. 

The average number of monomeric units present in a single polymeric 
molecule is still open to debate, but it is now commonly believed to be 
in the order of 4000 to 6000. A small segment of the rubber molecule 
may be represented as follows: 



It will be noted that the cis configuration has been assigned to this 
formula; that is to say, both — CH 2 — ^groups attached to the unsaturated 
system of each C 5 unit are sterically arranged so that they are on the 
same side of the double bond. The trcms form is thought to exist in the 
hydrocarbon components of balata and gutta percha, materials which are 
harder than rubber at room temperature, but which soften rather sharply 
at temperatures considerably below the gradual softening range of 
rubber. 

The double bonds of rubber are reactive toward many chemical 
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agents, among which oxygen, chlorine, hydrogen chloride, and various 
isomerizing agents are industrially important. The effect of these chemi- 
cals is discussed in Chapter 21. 

The chemical explanation of vulcanization still awaits clarification. 
One theory assumes the establishment of cross-linkages between chains 
of various rubber molecules by addition of sulfur at double bonds in a 
general manner like that illustrated below: 


CHs S CHs 

• • • CH,— i (^H— CHu— CH 2 -~c!>=CH— CH a • • • 

• • • CHa— C C— CH2— CH2— C=CH— CH2 • • • 

in., k ins 


The result of vulcanization is thus formation of a tridimensional struc- 
ture which is less susceptible to heat, possesses less tack, shows less 
cold flow or permanent set, and is stronger and more resistant to abrasion 
and to solvents than the initial raw rubber. The plasticity of raw rub- 
ber disappears upon vulcanization so that milling can no longer be 
carried out effectively. 

It should be emphasized, however, that many of the phenomena as- 
sociated with vulcanization are difficult to explain by the simple repre- 
sentation of the process just given. Numerous other theories of vul- 
canization have been propounded, but as yet none has been found more 
satisfactory. 


Physical Properties 

In the earlier general discussion of rubber-like substances, the elastic 
behavior of rubber was traced to the possibility of temporarily straight- 
ening out and aligning randomly kinked molecules by application of 
stress. It was also noted that the tensile strength of rubber, that is to 
say its resistance to deformation, increases with stretching because of 
the formation of microcrystallites. 

Many of the physical properties of rubber are dependent upon the 
thermal and mechanical history of the material tested. Even its density 
varies between 0.912 and 0.934 at 20®, depending upon these factors. 
The refractive index of purified rubber at 20®, using the sodium D-ray, 
has been reported to be 1.5216 for smoked sheet, 1.5227 for crepe, 
and 1.5238 for Para rubber. 

Rubber first swells, then dissolves in many aliphatic and aromatic 
hydrocarbons and chlorinated hydrocarbons, as well as in carbon di- 
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sulfide. Only solutions of low concentration can be obtained, for larger 
proportions of rubber yield gels. Ether divides rubber into two frac- 
tions called sol- and gel-forms, the first being soluble, the second in- 
soluble in this solvent. These two forms of rubber can be converted into 
each other by various physical and chemical treatments. 

Rubber can be broken down in molecular size by mechanical working 
on the mill. This phenomenon is reflected in greater solubility, increased 
ease of compounding with various ingredients, increased plasticity, and 
decreased viscosity of solutions of a given concentration. The last of 
these effects is shown graphically in Figure 226. 



0 20 40 60 80 100 


NUMBER OF PASSES BETWEEN ROLLS 

Figure 226. Effect of mastication upon the viscosity of crude 
rubber as determined in 1 per cent benzene solution at 25° 
some months after mastication. (Dawson and Porritt^'') 

Unvulcanized rubber can be stretched to many times its own length. 
Its degree of extensibility is greater than that of the vulcanized product. 
Both raw and cured rubber liberate heat upon being stretched, a phe- 
nomenon known as the Joule effect. Table 111 shows the magnitude of 
this effect in the case of smoked sheet. 

Table 111. Heat Evolved on StretebioK Smoked Sheet v».wb 

Elongation % 80 186 361 42$ 621 658 821 

Heat evolved 

g-cal/g rubber 0 0.84 2.33 2.86 4.58 5.24 6.80 

On the removal of stress, a stretched piece of rubber partially returns 
to its original size and shape, but not completely. The difference be- 
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Table 112. Effects of Stretching Smoked Sheet Strips*^® 
(for 30 mins at 48®) 


Elongation 

% 

% Set after 10 days 
at room tempera- 
ture 

% Set after heating at 100® 
for 1 hr and cooling to room 
temperature, following a 
ten day relaxation period 
at room temperature 

60 

7.6 

7.5 

100 

20 

17.5 

150 

27.5 

20 

200 

40 

27.6 

250 

55 

30 

350 

125 

62.5 

4(K) 

142.5 

— 


tween itf; initial length and its length 24 hours or more after release of 
stress is known as permanent set. This property, too, depends on the 
history of the rubber. Table 112 gives an indication of the permanent 
set of raw rubber under various conditions. 



Figure 227. Influence of rate of elongation upon the 
stressHstrain curve of raw natural rubber. {Adapted from 
Roftbaud and Schmid 
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The tensile strength of raw rubber is dependent on numerous factors, 
including conditions of testing as well as history of the sample. The 
rate of elongation markedly influences the results obtained. This fact 
recalls previous statements that tensile strength increases with the de- 
velopment of crystallites on stretching, but that slow extension does not 
result in crystallization. The temperature of examination also affects 
the tensile strength of rubber. Vulcanization greatly decreases tempera- 
ture susceptibility. 



Figure 228. Influence of temperature on the stress-strain curve of natural raw 
rubber. (Rate of elongation: approximately 14 per cent per second.) (Roabawl and 
Schmid ’’*) 


The physical properties of vulcanized rubber are subject to wide varia- 
tion, depending on the details of compounding and curing. For the re- 
lationship between all of the many variables which can enter into the 
building of a rubber compound and the properties of the cured material, 
the reader is referred to specialized comprehensive treatises and tabula- 
tions, some of which are mentioned at the end of this chapter. For 
specific tests applied to rubber compounds, these sources should also be 
consulted. 

The tensile strength of vulcanized rubber usually runs between 2500 
and 4000 lbs per sq in, depending on formulation. Raw rubber may be 
as low as 150 lbs per sq in, the precise figure depending markedly on 
test conditions. 
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The solubility of vulcanized rubber is less than that of raw rubber. 
In general, swelling of a vulcanizate occurs without solution, although 
the strength is seriously impaired so that the rubber ^^rots.” 

Compounding and Curing 

Only a very limited amount of rubber is utilized in the unvulcanized 
state — chiefly in cements and gummy masses for adhesive tapes. Even 
for these applications it is ordinarily masticated so that practically none 
is employed without treatment of some kind. Almost all rubber products, 
with these two exceptions, are vulcanized. 

The compounding and vulcanization of rubber is a highly developed 
art. Many substances are used to control the properties of the finished 
article, while conditions of compounding and curing must be adjusted 
carefully according to the nature of the ingredients and the character- 
istics desired in the finished product. 

Except in those specialized cases already discussed where latex is em- 
ployed, it is essential to masticate the raw rubber for a short time be- 
fore adding other ingredients. This operation not only ensures uniformity 
of the crude, but it also softens the rubber to a point where added mate- 
rials may be milled into it homogeneously and it adjusts the plasticity 
of the rubber to that required for the contemplated method of fabrica- 
tion, such as calendering or extrusion. The more the mastication, the 
greater is the degree of plasticity of the milled rubber. Various products 
require different degrees of plasticity. Both time and temperature must 
be controlled carefully. At 240° F the rate of breakdown in an internal 
mixer is at a minimum; both above and below this temperature, it is 
much faster. Various chemicals such as fi-naphthyl mercaptan may be 
added to assist breakdown. On the other hand, such compounds as ben- 
zidine and p-aminophenol serve as stiffeners. 

After mastication has reached the desired point, the other ingredients 
are added directly on the rubber mill or in the Banbury. The order of 
mixing is important. Sulfur is usually added last. 

Numerous classes of materials are used in preparing a rubber com- 
pound. Not only raw rubber — smoked sheet, crepe, or Para — but also 
reclaim, factice (sulfurized drying oils), mineral rubbers (more or less 
elastic bituminous substances derived from Gilsonite and petroleum 
asphalts), and occasionally ‘‘AXF” for oil-resistant stocks (sec Chap- 
ter 13) may be used as part of the elastomeric base material. Vul- 
canizing agents, accelerators, activators, antioxidants, and fillers are 
employed. Use of sun-checking inhibitors, plasticizers or softeners, 
odorants, and coloring pigments is common. Other special compound- 
ing ingredients may be needed at times. 
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Vulcanizing Agents 

Thin rubber goods can be vulcanized at room temperature by treat- 
ment with the vapors of sulfur chloride or, according to the Peachey 
process, by alternate exposure to sulfur dioxide and hydrogen sulfide, 
whereupon elementary sulfur is liberated in situ. 

The great majority of rubber goods, however, are produced by vulcani- 
zation* with sulfur itself. Occasionally thiuramdisulfides serve both as 
accelerators and vulcanizing agents. Organic peroxides and nitrobenzene 
are capable of curing rubber, but are not employed industrially. Quinone 
dioxime has been developed by H. L. Fisher as a vulcanizing agent for 
specialty purposes. It is particularly effective in curing “Butyl” rubber. 
The amount of sulfur utilized in soft rubber goods normally runs from 
0.5 to 4 per cent of the weight of crude rubber and is mixed in on rolls or 
in Banbury mixers. Vulcanization is usually carried out at temperatures 
within the range of 100 to 140®, although some compounds built with ultra 
accelerators can be cured at lower temperatures, even at room tempera- 
ture. Dry heat, open steam, or closed molds may be used. Rubber hose is 
frequently cured within a temporary extruded lead sheath which is later 
removed. 

Accelerators 

Various inorganic oxides, especially zinc oxide, litharge, white lead, 
and magnesia, catalyze or “accelerate” vulcanization. It was fortunate 
indeed that Charles Goodyear’s original experiment in which he dis- 
covered vulcanization was carried out in the presence of white lead. In 
1906, Oenslager found that certain organic amines were also effective 
aids in facilitating cure. Since that time, several hundred organic com- 
pounds, more serviceable than metallic oxides, have been developed as 
accelerators. These substances do more than influence time of cure. 
They also affect tensile strength, elongation, tear resistance, and some- 
times aging. In some cases they may shorten mixing time by their 
softening effect. Accelerators are commonly used in an amount equal 
to 0.5 to 1 per cent of the weight of raw rubber. Without them, several 
hours of heating at temperatures as high as 140® would be necessary to 
bring about vulcanization. Under such drastic curing conditions, many 
of the valuable physical properties of the vulcanizate would be im- 
paired. Accelerators have the effect of shortening curing time and, often, 
of lowering the temperature. With some accelerators, curing time is criti- 
cal, the effect of over-cure upon physical properties being as deleterious 
as under-cure. The best accelerators are those which do not cause im- 
pairment of properties if heating is carried beyond the point at which 
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optimum characteristics are first developed. Slow accelerators will bring 
about vulcanization of soft rubber in 1.5 to 2 hours at 140®. Rapid 
accelerators reduce the requisite time to 40 minutes, or less. Ultra ac- 
celerators cause vulcanization within a few minutes at temperatures even 
below 100® and at room temperature on several hours’ standing. 

Important current accelerators can be divided into four general groups: 

(1) Condensation products of aldehydes with ammonia or organic 

amines (moderately fast): 

Hexamethylene tetramine (‘‘Hexa”) 

Butyraldehyde-monobutyl amine (^^833”) 

Formaldehyde-aniline (^^A-10,” “Formaline”) 
Acetaldehyde-aniline (“A-77,” “R & H 50D”) 

Butyraldchyde- aniline (“A-32,” “808,” “Beutene”) 
Heptaldehyde-aniline (“Hepteen”) 

Formaldehyde-p-toluidine (“8”) 

(2) Substituted guanidines (moderately fast) : 

Diphenyl guanidine (“DPG”) 

Di-o-tolyl guanidine (“DOTG”) 

Triphenyl guanidine (“TPG”) 

(3) Heterocyclic sulfur compounds (fast) : 

2-Mercapto-benzothiazole, 

(“Captax,” “MBT,” “Thiotax”) 



2,2'-Benzothiazyl disulfide, 

(“Altax,” “MBTS,” “Thiofide”) 



Zinc benzothiazyl sulfide, 
(“OXAF,” “Zenite”) 



(4) Thiurams and related derivatives of carbon disulfide (ultra) : 
Tetramethylthiurammonosulflde, 

(“Monex,” “Thionex”) 



CHEMISTRY OF COMMERCIAL PLASTICS 



Tetramethylthiuramdisulfide 

(“Methyl Tuads,” “Thiuram M,” “Tuex”) 



Tetraethylthiuramdisulfide 

(“Ethyl Tuads,” “Thiuram E”) 
Di-N-pentamethylenethiuramtetrasulfide 
(“Tetrone A”) 


CH2— CH, 



\ 


CHs— CHa 


I 


Piperidinium-N-pentamethylenedithiocarbamate 
(^^552/^ ^Tip-pip/^ ^^Naugatex 144^’) 


CH2— CH2 CH2— CH2 

^N— C— S— NH^ ^CH, 

^CHa— I ^CHa— CH^ 

Zinc salts of dimethyl-, diethyl-, dibutyl-, and dibenzyl-dithio- 
carbamates 

(Respectively “Methasan,” “Methazate,” and “Methyl Zimate”; 
“Ethasan,” “Ethazate,” and “Ethyl Zimate”; “Butasan,” “Bu- 
tazate,” and “Butyl Zimate”; and “Arazate.”) 

(RaN — C — S — ) aZn 



Lead dimethyldithiocarbamate (“Ledate”) 

Zinc butyl xanthate (“ZBX”) 

Activators 

Accelerators should usually be activated. A number of inorganic 
materials exercise the ability to develop the full activity of vulcanization 
accelerators. Zinc oxide is the most important activator and is employed 
for this purpose in most rubber mixes in amounts ranging from 1 to 5 
per cent of the weight of crude rubber. Some other metal oxides behave 



NATURAL AND SYNTHETIC ELASTOMERS 546 

similarly. Stearic acid, selenium, tellurium, and various amines also 
serve as activators. Stearic acid is required, for example, with “Captax.” 

Antioxidants 

Antioxidants, used to the extent of about 1 per cent, are utilized to 
retard aging upon exposure to atmospheric oxygen. Common antioxi- 
dants include secondary aromatic amines, such as phenyl-a-naphthyl- 
amine (“Neozone A”) and phenyl-P-naphthylamine (“Neozone D,” 
“Age-rite Powder”); and condensation products of aldehydes or ketones 
with aromatic amines, such as “Age-rite Resin” derived from acetaldol 
and a-naphthylamine, “VGB” derived from acetaldehyde and aniline, 
and “BLE” obtained from acetone and diphenylamine. 

Fillers 

Many finely divided fillers are used in rubber compounding. Some of 
them are active reinforcing agents which greatly increase tensile strength 
and resistance to abrasion and tearing; others are more or less inactive 
insofar as their influence on ultimate physical properties is concerned, 
although the working characteristics of the compound prior to vulcaniza- 
tion are affected thereby. As in the plastics industry, although fillers 
may result in a less costly compounded article, this is not the primary 
reason for their use today. 

Among the so-called “inert” fillers are whiting, diatomaceous earth, 
clays, barytes, slate flour, and talc. 

The most important reinforcing agents are carbon black, zinc oxide, 
magnesium carbonate, blanc fixe, micronized calcium carbonate, and 
certain clays. Maximum reinforcement with carbon black usually oc- 
curs with 40-50 per cent of filler, based on rubber content. The most 
effective form of carbon is channel black, produced from natural gas 
by partial oxidation. Less active are the so-called “soft” or “Therma- 
tomic” blacks made by pyrolysis of natural gas or petroleum fractions 
in the absence of air. Acetylene black is unique in imparting greater 
electrical conductivity to the vulcanizates than does carbon black. Chan- 
nel blacks cause considerable stiffening of the vulcanized product, while 
soft blacks yield soft, resilient goods. 

Softeners' and Plasticizers 

Softeners and plasticizers facilitate milling and fabricating operations. 
Vegetable and mineral oils, high-boiling aromatic hydrocarbon cuts, 
waxes, solid fatty acids like stearic acid, pine tar, pine oil, rosin, and 
coumarone-indene resins are used for this purpose. 
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Migcellaneous Compounding Ingredients 

Besides representatives of the various classes already listed, numerous 
miscellaneous substances are compounded with rubber in order to pro- 
duce special effects. In the manufacture of sponge rubber goods, for 
example, sodium bicarbonate or ammonium carbonate may be added as 
a bubble-forming or blowing agent. Organic compounds which decom- 
pose on heating to yield gaseous products are used for the same purpose, 
such as diazoaminobenzene. Fibrous fillers, especially cotton flock, may 
be used to impart leather-like characteristics to vulcanized rubber goods. 
Powdered metals such as aluminum are used where light reflection is 
desired, as in balloon fabric. Powdered lead may be compounded with 
rubber in order to make the vulcanizate resistant to x-rays, or sheet 
rubber may be laminated with lead foil for the same purpose. Phenolic 
resins, cashew nutshell oil resins, and asbestos are all compounded with 
rubber in the manufacture of various kinds of brake linings, while 
abrasives are incorporated with rubber in the manufacture of belts and 
wheels for grinding and polishing. 

In order to give a specific idea of the diversity of materials employed 
in rubber compounding, typical formulas for tire treads and inner tubes 
are given in Tables 113 and 114. 

Forms and Uses 

Compounded rubber is fabricated in several ways. It may be molded, 
extruded, or calendered. It may be reinforced with cloth by friction 
calendering or spreading. Cloth- or wire-reinforced tubing can be con- 
structed with special tubular weaving equipment. It may be electro- 
deposited or otherwise precipitated upon suitable forms either before 
vulcanization or afterwards. It can be used to coat or impregnate fila- 
ments and fabrics, either in solution form or as latex. 

The most important civilian as well as military use of rubber is, of 
course, in the manufacture of tires for automobiles, trucks, airplanes, 
jeeps, and numerous other vehicles. A related application is in the 
production of tank treads. Before Pearl Harbor, about 77 per cent of 
the rubber consumed in this country went into tires and tire products. 
An automobile tire is a complex combination of rubber, cord, and metal 
bead wire. Its construction represents a complicated assembly of several 
fabricating processes, brought to a high state of perfection by modem 
methods of mass production. 

Numerous rubber articles are grouped together under the general term 
of mechanical goods. About 10 per cent of pre-Pearl Harbor rubber 
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Table 113. Tread Compounds for Passenger Tires*"’ 



First Grade 

Second Grade 

Third Grade 

Smoked Sheet 

100 

88 

72.5 

Reclaim, Whole Tire 

— 

22 

50 

^^Reogen^* (softener) 

2 

1.5 

1.5 

Stearic Acid 

3 

3 

3 

Pine Tar 

1 

1.5 

1.5 

“Age Rite Hipar” (antioxidant) 

1 

1 

1 

“Age Rite Resin D’* (antioxidant) 

1 

1 

— 

Zinc Oxide 

3 

3 

3 

Carbon Black 

47.5 

42.5 

37.5 

Sulfur 

3 

2.875 

2.875 

“(^aptax’* (accelerator) 

1 

0.8 

0.7 

Cure at 274° F for 50 minutes 

162.5 

167.176 

173.575 


Table 114. Passenger Inner Tube Compounds ““ 



Black 

Red 

Smoked Sheet 

100 

58 

Reclaim, Red Tube 

— 

46 

“Reogen” (softener) 

1 

2 

Paraffin 

1 

1 

Stearic Acid 

1 

— 

“Age Rite Resin D’^ 

2 

— 

Zinc Oxide 

3 

3 

“P~33’^ (“Thermatomic^' carbon) 

40 

— 

“Kalite No. 1 (coated calcium carbonate) 

— 

20 

Red Iron Oxide 

— 

4 

Sulfur 

1.5 

1.25 

* ‘ Captax “ (accelerator) 

0.75 

— 

“Altax” (accelerator) 

0.75 

1.2 

“Zimate^' (or “Tuads”) (accelerator) 

0.15 

0.125 

Cure at 307° F for 4 minutes 

151.15 

136.575 

went into the construction of mechanicals, including such diverse prod- 

ucts as belting, hose, packing, rollers, molded goods, 

matting, tubing, 


and sponge rubber. Wire and cable insulation, footwear, and proofed 
fabrics represent other important outlets for rubber. American con- 
sumption of rubber by principal products in 1937 is shown in Table 115. 

A complete list of specific applications of rubber in modern living 
would be well nigh impossible. When one contemplates its absolute 
necessity in 20th Century civilization it is difficult to realize that before 
1839 — ^the year of discovery of vulcanization — ^no such material as cured 
rubber was known to man! It is equally extraordinary that only re- 
cently have other materials been developed which could challenge its 
undisputed monopoly I 
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Table 115. Rubber Consumption in the United StateSi by Principal Products, 1937^^ 


Long Tons 

Per Cent 
of Total 

Pneumatic casings 

333,867 

62.88 

Inner tubes 

51,460 

9.69 

Solid and cushion tires 

1,653 

0.31 

Boots and shoes 

20,214 

3.81 

Heels, soles, and slab soling 

Rubberized fabrics, rubberized clothing (finished), and bathing 

13,176 

2.48 

caps and bathing suits 

Mechanical rubber goods, rubber flooring, rubber mats and 

10,524 

1.98 

matting 

56,422 

10.63 

Hard-rubber goods 

3,660 

0.69 

Rubber thread, cement, and gloves 

Tire sundries, repair materials, rebuilt or retreaded tires, and 

9,514 

1.79 

camelback 

Other products, including drug and medical sundries, balloons. 

11,116 

2.09 

stationers^ bands, erasers, golf and tennis balls, toys, and 
sponge-rubber products 

19,374 

3.66 

Total 

630,969 

100.00 


Hard Rubber 

In modem practice, the amount of sulfur used for making soft rub- 
ber goods rarely exceeds 4 per cent. Before organic accelerators were 
developed to their present state of perfection, as much as 8 to 10 per 
cent of sulfur was sometimes employed. Where more than this amount 
is used, soft resilient characteristics begin to disappear and the vul- 
canizate approaches hard rubber or ebonite. Products containing be- 
tween about 8 and 25 per cent of sulfur are unstable. They are, more- 
over, too hard to be of service in soft rubber goods and yet too soft 
to be of use as hard rubber. In practice, it has been found that the 
valuable physical properties of hard rubber are not well developed 
until the amount of combined sulfur approaches that theoretically re- 
quired to attain full saturation of the double bonds. This theoretical 
value is 47 per cent of the weight of rubber reacted therewith or 32 per 
cent of the total weight of ebonite produced. 

The lower limit of utility of hard rubber goods is about 25 per cent 
combined sulfur. As the percentage increases from this figure, hard- 
ness and heat resistance are improved to the detriment of impact and 
tensile strengths. It is commonly supposed that as the amount of sulfur 
is increased, the unsaturation of the rubber molecule is decreased by 
formation of more and more sulfur bridges between the double bonds of 
different molecules. The netting index of hard rubber is therefore rela- 
tively high. The rubber chains are mechanically restrained and the 
normal elasticity of rubber disappears entirely. 
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Hard rubber is a moldable semi-synthetic plastic of the chemosetting 
type. 

Most accelerators do not materially increase the speed of vulcaniza- 
tion of rubber beyond the soft rubber stage. The reaction, however, is 
exothermic and must be controlled with care in order to prevent ex- 
cessive temperature rise during the early stages^ with consequent scorch- 
ing and formation of blow holes. Several hours are usually required for 
complete cure to ebonite. Hard rubber dust is the most important filler. 
It is used in most hard rubber goods, its function being primarily to 
decrease the amount of hydrogen sulfide liberated during vulcanization. 
Coloring pigments and other fillers are sometimes added as well. 

Hard rubber can be cured under little or no pressure although 500 
to 1000 lbs per sq in is preferred during the early stages. It is easily 
machined. 

Hard rubber is resistant to water up to about 140® F. Above that 
temperature it begins to swell and distort. It is resistant to aqueous 
solutions of most inorganic salts, acids, and bases, but is attacked by 
many organic solvents such as aromatic hydrocarbons, chlorinated hydro- 
carbons, carbon disulfide, ether, acetone, and aniline. Typical physical 
properties of two commercial grades of hard rubber are listed in 
Table 116. 

Table 116. Physical Properties of Hard Rubber ♦ 


“Ace’* “Banner** 


Color 

jet black 

black 

Finish (when polished) 

high luster 

fair luster 

Specific gravity 

1.15 to 1.20 

1.20 to 1.25 

Tensile strength (Ibs/sq in) 

6500 to 9000 

4000 to 7000 

Elongation (%) 

8 to 3 

6 to 2 

Softening tem()erature (under load) 

130 to 140® F 

130 to 140® F 

Transverse strength (Ibs/sq in) 

12,000 to 15,000 

9000 to 12,000 

Compressive strength (Ibs/sq in) 

11,000 to 12,000 

10,000 to 11,000 

Coefficient of linear expansion (per ® F) 
Dielectric strength (specimen 0.15 to 0.25 mm 

0.000035 

0.000035 

thick; volts /mm) 

65,000 

40,000 

Dielectric constant (1000 cycles at 5 volts) 

2.9 to 3.1 

3.3 to 3.5 

Phase difference (1000 cycles) 

Resistivity (megohm — cm) 

0.25 to 0.30® 

0.30 to 0.40® 

Volume 

Surface 

over 10* 

over 10* 

(50% humidity) 

10» 

10* 

(84% humidity) 

Moisture absorption (in air, 90% relative 

5 X 10» 

5 X 10* 

humidity, room temperature, 24 hrs) 

0.018% 

0.02% 


* Manufacturers’ data. American Hard Rubber Company. 


Typical applications of hard rubber include sliding door frames, rails, 
and safety stops for display refrigerators, glazing strips, dehydrating 
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tubes, bunker lids, doors, water lubricated bearinp, storage battery 
containers and separators, funnels, jars, sheets, rods, and tubes, valves, 
gears, pump and water meter pistons, telegraph and telephone parts, 
electrical insulating equipment, and pipe fittings. Hard rubber is also 
used in lining metal equipment such as vats and tanks, tank cars, 
conduits, pumps, and reaction vessels. 

Seamless hard rubber coverings can be produced upon irregular metal 
articles by the anode process involving electrodeposition and subse- 
quent vulcanization. 

Prices for top quality rod stock, unfinished, normally average 80 to 85 
cents per pound in quantity. 

Synthetic Rubbbb 
History 

According to the Goebelsian affirmations of the German Chemist, Har- 
ries, it was he who first produced synthetic rubber and who made all 
the important discoveries in this domain of modern science and tech- 
nology, In several articles he proclaimed his omniscience and in 1913 
devoted twelve pages of the Annalen to a discussion of the work of 
chemists in other lands, attempting to prove that they were all false 
prophets. Despite Harries’ bombastic claims, even a cursory glance at 
the literature reveals the fact that the first fundamental discoveries in 
this field were made by French, English, and Russian chemists. Be- 
cause of shortages of the natural product, however, Gennany was forced 
to manufacture an inferior synthetic during World War I. To that coun- 
try, therefore, goes the dubious honor of first commercializing a low 
grade substitute. 

Numerous chemists in various countries had subjected rubber to 
pyrolysis during the first half of the last century, but it was not until 
1860 that the Englishman, Greville Williams, isolated and identified 
isoprene among the products of its destructive distillation. It was also 
he who named isoprene. A few years later, in 1875, the French chemist, 
G. Bouchardat, obtained this diolefin in considerable quantity by pyroly- 
sis of rubber. He was the first to suggest that rubber is a high polymer 
of isoprene. Four years later he described the formation of the first 
synthetic rubber, made from isoprene by treatment with fuming hydro- 
chloric acid followed by removal of liquid hydrogen chloride addition 
products by distillation. According to Bouchardat, the solid residue, 
which amounted to about one-sixth of the isoprene used, possessed “the 
elasticity and other properties of rubber itself.” 

In 1882 the English chemist. Sir William Tilden, polymerized isoprene 
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to a rubber-like compound with nitrosyl chloride. Two years later he 
obtained the diolefin by pyrogenetic decomposition of turpentine, thus 
effecting the first synthesis of a rubber-like material from non-rubber 
sources. In 1892, he gave a more complete description of rubber-like 
polymers of isoprene derived from turpentine and stated that this ‘^arti- 
ficial rubber unites with sulfur in the same way as ordinary rubber, form- 
ing a tough, elastic compound.’’ He was thus first to produce a vul- 
canized synthetic rubber. 

In 1901, the Russian chemist, Ivan Kondakoff, obtained a rubber-like 
polymer from 2,3-dimethyl-butadiene. This material was the methyl 
rubber produced in Germany during World War I, but its discovery was 
Russian in origin. In 1910 another Russian chemist, Lebedev, reported 
the polymerization of butadiene to a rubber-like material. Outstanding 
early investigations of synthetic rubber were also carried out by the Rus- 
sian, Ostromislenski. It is perhaps worthy of note that the first book on 
synthetic rubber was published in Russian about 1913. 

In 1912, Sir William Henry Perkin, Jr., and a group of associated 
British chemists, especially Strange and Matthews, who had undertaken 
a comprehensive study of this field, proposed both isoprene and butadiene 
as sources of synthetic rubber. They suggested various means for pro- 
ducing these diolefins. One synthesis of butadiene started with n- 
butanol. The Fernbach fermentation process for the manufacture of 
butyl alcohol and acetone was developed at the Pasteur Institute in 
Paris as an associated project of this investigation and became a fruitful 
commercial venture and, indeed, military necessity years before synthetic 
rubber reached maturity. Of especial interest was the proposed method 
of synthesis of butadiene from alcohol through acetaldehyde, aldol, and 
1,3-butylene glycol. The glycol was then dehydrated to the diene or 
converted to the corresponding dihalide and dehydrohalogenated. Coin- 
cidentally and independently, in 1910, these English workers and Harries 
in Germany discovered the utility of sodium as a catalyst for converting 
diolefins to synthetic rubbers. 

All of this work preceded World War I. Spurred on by the newly 
created demand for rubber in automobile tires and by a $3-per-pound- 
price for the natural product, industrial firms in both England and Ger- 
many attempted to develop a commercially useful grade of synthetic. 
Although much progress was made, the products were not satisfactory 
and work was abandoned in both countries upon the outbreak of hos- 
tilities. During the war, however, the blockade had a telling effect on 
Germany and it became necessary for her to undertake synthetic pro- 
duction. By 1918, methyl rubber from 2,3-dimethyl-butadiene was being 
manufactured at the rate of about 160 tons per month. It cost about 
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30 marks per kilogram. A total of 2360 tons of methyl rubber was produced 
before the end of the war. Two additional plants having an annual ca- 
pacity of 8000 tons were under construction at the time of the Armistice. 
Most of this methyl rubber was used in hard rubber articles, especially 
battery boxes of submarines. Some was also utilized in tire manufacture, 
especially in solid tires, but their life was limited. These products might 
have been considerably better had modern methods of rubber compound- 
ing then been known. Commercial production of methyl rubber ceased 
at the close of the war. 

About the middle of the ’twenties, research on synthetic rubbers was 
undertaken in earnest by the I. G. in Germany and the du Pont Com- 
pany in the United States. The former organization concentrated on 
the polymerization of butadiene, at first with a sodium catalyst (Na- 
trium — whence the word Buna) and subsequently in aqueous emulsion 
with other catalysts. Numerous copolymerizablc monomers w'ere tried 
and two — ^acrylonitrile and styrene — ^were found especially meritorious. 
Out of this work during the ’thirties came the numbered Bunas (straight 
butadiene polymers). Buna N (an acrylonitrile copolymer), and Buna S 
(a styrene copolymer). 

In the meantime the du Pont Company had developed neoprene by 
polymerization of 2-chlorobutadiene, called chloroprene. This synthetic 
was the outgrowth of work done at the Experimental Station in Wil- 
mington under W. H. Carothci*s, following along lines of investigation 
initially opened at Notre Dame University by Father J. A. Nieuwland. 
Neoprene, first called by the trade-marked name, “Duprene,” was an- 
nounced in 1931 and was the earliest successful synthetic rubber of the 
diolefin polymer type to be produced anywhere in the world — ^with the 
possible exception of Russia where the status of the synthetic rubber in- 
dustry has been ambiguous. 

A year previously, in 1930, another American synthetic was placed 
on the market; namely, “Thiokol.” This material differed substantially 
from the diolefin polymers in that it was a condensation product of 
ethylene dichloride and sodium polysulfide. Its manufacture was the re- 
sult of researches of a Kansas City chemist, J. C. Patrick, who began his 
investigations in this field in 1921, initially with the idea of trying to 
produce an automobile antifreeze. 

The commercial production of both “Thiokol” and neoprene preceded 
the German manufacture of “Buna” rubbers. The American and Ger- 
man developments followed divergent paths. 'The domestic products were 
introduced because of oil resistance and .other unique properties which 
they possessed that are not found in natural rubber. Although “Buna 
N,” later called “Perbunan,” is oil-resistant, the greatest amount of in- 



NATURAL AND SYNTHETIC ELASTOMERS 


553 


terest in Germany centered around “Buna S” which was evolved purely 
as a rubber substitute with an eye to the future military position of 
that nation. 

During the 'thirties, Russia developed “Sovprene,” an analog of neo- 
prene, and the SK rubbers — butadiene polymers lettered A or B to denote 
their origin from petroleum or alcohol, respectively. 



Courtesy United States Rubber Co, 


Figure 229. A view of the reactor area at the Naugatuck synthetic 
rubber plant operated for the Government by United States Rubber 
Company at Naugatuck, Conn. Ground was broken for the plant before 
Pearl Harbor, in September 1941. It was placed in operation a year 
later. 

By 1941 appreciable amounts of “Perbunan” had been imported into 
this country and used because of oil resistance. Several American firms 
had begun to enter into the production of butadiene-acrylonitrile co- 
polymers, the first one being announced by Goodrich under the name 
“Hycar OR.” The Standard Oil Co. of New Jersey soon followed with 
American production of “Perbunan” under agreements with the I. G. 

Meanwhile, the manufacture of neoprene and “Thiokol” had become 
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well established. The rubber-like characteristics of properly plasticized 
polyvinyl chloride were being utilized in “Koroseal” and “Tygon,” while 
polyvinyl alcohol had come into limited use as a water-sensitive, but ex- 
tremely oil-resistant rubber-like product called “Resistoflex.” 

Then came Pearl Harbor and the rapid succession of events which 
, eliminated most of the Far Eastern rubber supply of this country. The 
fantastic scramble to manufacture huge amounts of synthetic rubber in 



Figure 230. General view of the Institute synthetic rubber plant operated for the 
Government by United States Rubber Company at Institute, W. Va. This was the 
first of the large integp'ated synthetic rubber plants to get into production. The plant 
for making monomers was operated by Carbide and Carbon. 


the United States to replace the natural product is now a matter of his- 
tory. War-time production estimates of 1944 are listed below in appro- 
priate sections. "Buna” S, the most important item in this program, was 
not previously produced in the ^United States. “Butyl” rubber, an impor- 
tant part of the program, was first announced in 1941. Processes had to 
be developed and plants constructed for this mammoth undertaking 
within less than three years. Tables 117 and 119 show the location of 
synthetic rubber plants in this country. 


Classification 

The expression “synthetic rubber” is an unfortunate misnomer which 
has become so commonly accepted that there seems slight hope of uni- 
versally replacing it by the more meaningful term “elastomer” * pro- 

* Exception can be taken to the word “elastomer” on etymological grounds be- 
cause of the fact tiiat intrinsically it does not convey the meaning given to it. It is 
derived from the Greek elastikos (to drive) and meros (part). The word "mer” 
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posed by H. L. Fisher. No truly synthetic rubber has yet been produced. 
According to Fisher^s scheme the principal commercial elastomers now 
manufactured can be classified as follows: 

1. Elastoprenes 

(A) Butadiene polymers and copolymers 

(B) Chloroprene polymers and copolymers 
II, Elastolenes 

(A) Olefin polymers and copolymers of substantially saturated na- 
ture 

IIL Elastothiomers 

(A) Organic polysulfidcs 
IV. Elastoplastics 

(A) Plasticized vinyl polymers 

(B) Plasticized ethyl cellulose 

(C) Polymethyl acrylate 

(D) Flexible alkyds, including polyesters of dimerized drying oil 
acids 

(E) Poly ary lene ethylenes (‘^AXF”) 

The various types of elastoplastics listed above have already been 
discussed at appropriate points in this text. The remainder of this chap- 
ter is therefore devoted only to a consideration of the elastoprenes, 
elastolenes, and elastothiomers. 

Elastoprenes 

Polymers and Copolymers of Butadiene 
Raw materials. 

Butadiene. Butadiene is the essential intermediate required for manu- 
facture of all the elastoprenes save poly chloroprene. It may be poly- 
merized either alone or in combination with acrylonitrile, styrene, or 
isobutylene. The synthetic rubber program has required the rapid de- 
velopment of facilities for producing enormous volumes of this diolefin. 

if pelf has also been used by Carothers to designate the individual unit of repetition 
in both addition and condensation polyn^ers (as distinguished from the nionomeric 
substances themselves from which the polymer js produced). Strict etymological 
accuracy would lead to the expression “elastopolymer*' and the various classes of 
elastopolymers would, in turn, become '^elastopolyprenes,*' ^‘elastopolyenes,” and 
“olastopolythiomers.” These terms, however, are cumbersome. The expressions sug- 
gested by Fisher are sufficiently abbreviated to make for ease of use and they have 
been accepted in chemical circles. Barron has proposed the term ^‘elastics” to cover 
all rubber-like materials, both natural and synthetic, “elastomers” to be confined to 
Fisher^s “polyprenes,” “elastenes” as equivalent to Fisher's ^^elastolenes,” “ethenoids” 
for materials based on the polyvinyl grouping, “thioplasts” instead of ‘^elastothiomers,” 
and “elastoplasts” in place of “elastoplastics.'* 
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The plants making it, like those producing most of the styrene required 
for GRr-S and the synthetic rubber (polymerization) plants themselves 
have been operated for the government by various private companies 
on a cost-plus-fixed-fee basis. 

Butadiene, H 2 C=CH— CH=CH 2 , is gaseous at room temperature, 
boiling at —4.6“ and freezing at —108.9°. Its limits of flame propagation 
in admixture with air are 2 to 11.5 per cent by volume of hydrocarbon. 
Butadiene can be obtained by a very large number of chemical reactions. 
One of the earliest processes was developed by the Russian chemist, 
Ostromislenski, who was awarded a large monetary prize by his govern- 
ment in 1916 because of its discovery. It involved pyrolysis of a mixture 
of acetaldehyde and ethyl alcohol, according to the following equations: 

(1) HiC— CHO + aC— CH,OH — H.C— CH(OH)— CHj— CH,OH 

H,o=cH— iH=ca 

Ten years later this method was modified by Lebedev who developed 
into commercial proportions a process for the direct conversion of ethyl 
alcohol to the diolefin by pyrolysis. More recently, a portion of Russian 
butadiene has been derived from petroleum. 

In Germany, butadiene has been produced from acetylene by way of 
acetaldehyde which was then converted to the diolefinic hydrocarbon -by 
the following series of reactions: 


(2) HbC— CHO — ^ HaC— CH(OH)— CH2-~CH0 

catalytic 1 

H2C=CH~CH==€H2 -- — H8C-~CH(0H)-~CH»— CH 2 — OH 

dehydration 

Considerable research has been done abroad upon dimerization of 
acetylene and reduction of the resultant vinyl acetylene: 

(3) 2HC^CH — HCsC— CH==CH2 

H«C=CH— CH=CH, 

During World War II, butadiene was also manufactured in Germany 
from formaldehyde and acetylene in order to conserve the latter. This 
process involved intermediate synthesis of butinediol and tetrahydro- 
furane, in accordance with the following series of reactions: 

(4) CiH, -t- 2H,CO — »- CH,(OH)— CH,(OH) 

H,C— CH, -1 


Y — 


HK3“CH— CH=CH, 
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Tetrahydrofurane was not necessarily isolated in this process, although 
it was also produced as an intermediate for the synthesis of other resins, 
notably nylon. 

In the United States, butadiene is manufactured from alcohol, petro- 
leum, and natural gas. Both synthetic and fermentation alcohol is em- 
ployed. All three basic materials are converted to the diolefin by suitable 



Courtesy Hycar Chemical Co, 


Figure 231. Cracking plant for the production of 
butadiene from petroleum. 

combination of pyrolytic and catalytic operations which involve separa- 
tion of unreacted raw material and recycling. The 1944 annual rated 
production of butadiene in this country, according to raw materials, is 
given below: 

Alcohol 230,000 short tons 

Butylene 290,000 short tons 

Butane 75,000 short tons 

Naphtha cracking 

(so-called ** refinery conversion”) 95,400 short tons 

Total 690,400 short tons 

Butadiene was first produced commercially in this country only a few 
years ago and was made by dehydrohalogenating 2,3-dichlorobutane. It 
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is doubtful whether this process can compete successfully with newer 
methods. 

Work has also been carried out on the dehydration of 2,3-butylene 
glycol obtained from grain by means of a special fermentation process 
using Aerobacter aerogenes. Conversion is about 90 per cent complete 
after forty hours. This process is not of much industrial significance at 
present, although several laboratories have investigated its possibilities. 

Another method for producing butadiene was at the point of transla- 
tion into plant operation when it became necessary to discontinue de- 
velopment because of wartime shortages of benzene. It involves the 
following series of reactions: 

CH, 

da» CH, 

+ 3H, — I 

CH, CH, 

J pyrolyms 

HjC=CH— CH«=CH2 + H2C*=CH3 + H, 

One of the most serious problems in the manufacture of butadiene for 
the production of commercial elastoprenes lies in its purification. Traces 
of certain impurities, even of some closely similar hydrocarbons, are 
sufficient to vitiate the quality of copolymers produced therefrom. They 
may hinder or even stop copolymerization. 

Styrene. The production of styrene has already been discussed in 
Chapter 16. Pyrolysis of ethylbenzene is the process universally em- 
ployed at present. Isopropylbenzene, or cumene, is reported to give bet- 
ter yields, but demands for this aromatic hydrocarbon in high octane 
aviation gasoline have precluded its use for this purpose. Ethylbenzene 
may be produced by ethylation of benzene by means of either ethyl al- 
cohol or ethylene. Other processes are known, but are not economically 
feasible. Ethyl alcohol (95%) can be reacted with benzene at tempera- 
tures in the order of 600° F and in the presence of solid catalysts con- 
taining phosphoric acid. Nitration-grade, sulfur-free benzene must be 
used in this process and both reactants must be recycled to obtain good 
yields. The Dow process for the manufacture of ethylbenzene involves 
reaction of benzene with ethylene at 190° F under 16 pounds gage pres- 
sure. Aluminum chloride is used as catalyst. Benzene of 2° F boiling 
range may be used and it is not necessary that it be sulfur-free. Hydro- 
carbon mixtures, rather than pure ethylene, may be used even where the 
ethylene concentration is as low as 38 per cent, provided they be propy- 
lene-free, Yields are nearly theoretical, polyethylbenzenes formed dur- 
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ing reaction being subsequently dealkylated to the monoethyl com- 
pound. Ethylbenzene is then dehydrogenated by pyrolysis of the pre- 
heated vapor admixed with highly superheated steam. The styrene is 
purified by fractional distillation, sulfur being added to prevent poly- 
merization in the still. Stabilization of styrene polymers is effected by 
incorporation of about one part of ^-butylcatechol with 20,000 parts of 
monomeric styrene. 1944 annual rated capacity of styrene plants in this 
country was 202,700 short tons. 

Acrylonitrile, Acrylonitrile is produced by dehydration of ethylene 
cyanohydrin. The latter compound is prepared either by reaction of 
hydrogen cyanide with ethylene oxide, 


( 6 ) 


HaC— CHa + HCN- 

V 


• HaC— CHa— CN 
OH 


or by metathesis between sodium cyanide and ethylene chlorohydrin, 


( 7 ) HaC— CHa + NaCN — HaC— CHa— CN -f NaCl 

Ah Cl Ah 

Equation (6) represents the process principally used at present. 

Recently the Sinclair Refining Company has developed a method for 
manufacture of nitriles which appears to involve catalytic reaction of 
ammonia and various hydrocarbons. Acrylonitrile is now available from 
the Harshaw Chemical Co. as a result of this work. 

Table 117 gives a summary of the wartime status of plants producing 
intermediates for butadiene elastoprenes. 

Manufacture of Polymers. Butadiene can be polymerized alone to 
elastomeric analogs of rubber. A segment of the polymer thus formed 
may be represented inadequately by the formula 


H2C— CH=CH— CHa— CH2~-CH==CH— CHg . 

Some cross-linking appears to occur as a result of 1,2-addition during 
polymerization. Products of this type have not thus far appeared gen- 
erally on the American market, but they have been manufactured for 
over ten years in Russia under the designations ‘'SKA^' and ‘‘SKB” and 
for several years in Germany under the names “Buna^^ 85 and ^‘Buna” 
116. A pilot plant was in operation for their production in Poland at 
the time of the German invasion of that country, the synthetic being 
known as ^^Ker,” In the manufacture of all of these products, sodium 
was employed as catalyst. The molecular weights of the German prod- 
ucts, as determined by viscosity methods, were 85,000 and 116,000, re- 
spectively; production of the numbered '‘Bunas*' was reported to have 
ceased shortly after the beginning of World War II. 
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Table 117. Planned 1944 Status of Butadiene, Styrene, and Acrylonitrile Production “> 


Company 


Butadiene Plants 
Northectst 

Koppers United Company 
Carbide & Carbon Chemicals Corp.^*> 
Carbide & Carbon Chemicals Corp/*> 
Polymer Corp., Ltd.^*^ 

Sun Oil Co.^*> 

Publicker Commercial Alcohol Co.<*> 
Carbide & Carbon Chemicals Corp.<*> 
Regional total 
Southwest 

Neches Butane Products Co.^^' 

Cities Service Oil Co. 

Sinclair Rubber, Inc.<*> 

Phillips Petroleum Co, 

Standard Oil Co. of La.^*>- 
Humble Oil & Refining Co.<*> 

Eastern States Petroleum and Refin- 
ing Co.(®> 

Hunmle Oil & Refining Co.<®^ 

Lion Oil & Refining Co.^®> 

Taylor Refining Co.<®) 

Regional total 
Pacific Coast 
Shell Chemical Co.^®> 

Southern Cal. Gas Co.^®) 

Standard Oil Co. of Calif, 

Regional total 
Grand Total 
Styrene Plants 
Northeast 

Koppers United Co. 

Carbide & Carbon Chemicals Corp. 
Dow Chemical Co, 

Dow Chemical Co. 

Regional total 
Southwest 

Monsanto Chemical Co. 

Dow Chemical Co. 

Regional total 
Pacific Coast 
Dow Chemical Co. 

Grand Total 
Acrylonitrile Plants 
Northeast 

American Cyanamid Co. 

Rohm & Haas Co. 


Rated 

Annual Capacity 


Location 


80,000 short tons 

80,000 

4t 

it 

60,000 

U 

it 

30,000 

it 

ti 

16,000 

ii 

ti 

10,000 

a 

a 

5,000 

it 

tt 

280,000 

it 

tt 

100,000 

a 

ti 

66,000 

it 

tt 

60,000 

it 

tt 

46,000 

it 

it 

28,400 

a 

tt 

30,000 

it 

tt 

12,800 

it 

tt 

7,000 

it 

tt 

6,700 

it 

tt 

5,500 

a 

tt 

340,400 

it 

tt 

26,000 

it 

tt 

30,000 

it 

tt 

16,000 

it 

tt 

70,000 

it 

tt 

690,400 

a 

tt 

37,600 j 

ihort tons 

26,000 

« 

tt 

10,000 

it 

a 

4,200 

it 

tt 

76,700 

it 

it 

51,000 

it 

tt 

60,000 

ii 

tt 

101,000 

tt 

tt 

25,000 

it 

tt 

202,700 

it 

tt 


Pittsburgh, Pa. 
Institute, W. Va. 
Louisville, Ky. 
Sarnia, Ont. 
Toledo, O. 
Philadelphia, Pa. 
Charleston, W. Va. 


Port Neches, Texas 
Lake Charles, La. 
Houston, Texas 
Borger, Texas 
Baton Roi^e, La. 
Baytown, Texas 

Houston, Texas 
Indeside, Texas 
El Dorado, Texas 
Corpus Christi, Texas 


Torrence, Calif. 
Los Angeles, Calif. 
El Segundo, Calif. 


Pittsburgh, Pa. 
Institute, W. Va, 
Sarnia, Ont. 
Midland, Mich. 


Texas City, Texas 
Velasco, Texas 


Los Angeles, Calif. 


Linden, N. J. 
Bristol, Pa. 


Compiled by B. H. Weil from data contained in the brochure on synthetic rubber 
accompai^ng Chem, Met, Eng, for Nov. 1943, supplemented from other sources. Accord- 
ing to U.8. Tariff Commission preliminary figures, actual 1944 production totals were 
1,212.8 X 10® lbs of butadiene and 349.4 X 1(P lbs of styrene. Approximately 10 X 10® 
lbs of acrylonitrile was consumed in 1944 production of “ Buna ** N type elastomers. 

Plants producing butadiene from alcohol. 

Plants producing butadiene from butylenes. 

Plants producing butadiene from butane. 

Plants producing butadiene from cracking processes (including refinery conver- 
sion’' processes of that nature). 
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Copolymers of butadiene with styrene and acrylonitrile are now the 
important elastoprenes manufactured in both Germany and the United 
States, the former very much the more important, the latter being pro- 
duced especially because of oil-resisting characteristics. Both of these 
general types of copolymers are made by polymerizing an aqueous emul- 
sion of the mixed monomers. Proportions of the unsaturated materials, 
as well as the emulsifying agents and catalysts can be varied within 
rather wide limits. Although copolymerization can be effected in 4 to 6 
days at room temperature, commercial practice is to operate under 
slightly elevated pressure at temperatures between 4S and 60®, under 
which conditions polymerization occurs within a few hours. The gen- 
eral formulation of emulsions for copolymerization is given in Table 118. 
I'he presence of certain inorganic salts, some even in traces, is said to 
be deleterious to polymerization. 

Table 118. General Formula for Emulsion Polymerization" 

50-75 Butadiene 

50-25 Styrene or acrylonitrile 

1-5 Emulsifying agent (soap, sodium alkyl sulfate, alkylaryl 

sulfonate, etc.) 

1-5 Buffer (sodium acetate or sodium phosphate) 

0.1-1 Polymerization catalyst (hydrogen peroxide, potassium 

persulfate, or preferably sodium perborate) 

100-400 Water 

The usual butadiene/styrene or acrylbnitrile ratio is about 3/1. 

Emulsion polymerization yields a latex which must be coagulated by 
addition of salt and acids or, occasionally, acetone or alcohol. Oxida- 
tion of the coagulum is prevented by incorporation therein of about 2 
per cent of phenyl-P-naphthylamine. Except for special purposes, no 
effort is made to remove emulsifying agents (usually soap) carried 
down by precipitation ; these materials may amount to 4 per cent or more 
of the weight of elastomer. 

Properties and Uses. The butadiene elastoprenes behave in much the 
same manner as natural rubber. They are, in general, compounded with 
the same ingredients and in about the same proportions. There are cer- 
tain differences between these synthetics and natural rubber, however, 
both chemically and physically. Whereas natural rubber is ptrictly a 
linear polymer, these synthetics appear to be cross-linked to some extent. 
Despite the fact that interlinear bridges are relatively few, they exercise 
an influence on physical and chemical properties. The synthetics are 
more resistant to oxidation than natural rubber. They are less readily 
broken down on the mill (whence longer times of mastication), less 
tacky (especially after mastication), and, in the vulcanized form, show a 




Courtesy United States Rubber Co, 


Figure 232. Reactor in which butadiene and styrene are copoly- 
merized. To make 90,000 long tons of GR-S annually, the Institute 
Plant requires 6 units of 12 reactors each. 



Courtesy United States Rubber Co, 


Figure 233. After polymerization, the batch is drawn off into *‘blow- 
down tanks where reaction is stopped. Unreacted monomers are then 
recovered. 
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Courtesy United States Rubber Co. 


Figure 234. Condenser for recovery of butadiene at the 
Institute Plant. 



Courtesy United States Rubber Co. 


Figure 235, Batches of GBr^ latent are bulked and 
blended in twelve 30,0Q0^gaUpn storage tanks at the 
Institute Plant. Here an operator draws latex from the 
blending tanks and discharges it to other tanks where 
it will be creamed and the rubber content coagulated. 
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Courtesy United States Rubber Co. 


Figure 236. Filtered GR-S at the Institute Plant. 



Courtesy United States Rubber Co» 


Figure 237. GR-<^ is dried in twjSilrB large 3-pa8s driers at the 
Institute Plant. At full operation these driers will evaporate 160 tons 
of water every day for the annual capacity of 90,000 long tons of GR-S. 
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greater propensity toward heat build-up where fabricated into automobile 
tires. All of these properties can be traced, in part, to the presence of 
cross-linkages in the molecular structure of the materials. 

The amount of vulcani^able unsaturation in butadiene elastoprenes 
is less than in natural rubber; hence, the amount of sulfur required for 
complete vulcanization is less. Polymers of butadiene and copolymers 
of butadiene with both styrene and acrylonitrile can be cured with a 
large amount of sulfur to yield products resembling hard rubber. This 
family of elastoprenes differs from all of the others now manufactured 
in this respect; they are the only ones capable of yielding a highly cross- 



Courtesy Hycar Chemical Co, 

Figure 238. Battery of pol 3 anerizers used in the production of 
“Hycar" latex. 


linked, hard-vulcanized material. In all instances, these products possess 
superior heat and solvent resistance as compared with ebonite from 
natural rubber. 

A vast amount of research has been carried out on tlie compounding 
of the butadiene elastoprenes. While the general principles are similar 
to those employed in the case of natural rubber, it is common practice 
to mill for a longer time, using a masticating agent such as dodecyl 
mercaptan or xylyl mercaptan. The effect of carbon black is even more 
pronounced than in the case of natimal rubber. Figure 239 shows the in- 
fluence on modulus and tensile strength of various types of carbon black 
compounded with “Buna” S. 
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Courtesy E. I, du Pont de Nemours & Co, Rubber Chemicals Division 

Figure 239. Effect of carbon black on the modulus of elasticity and 
tensile strength of GR-S vulcanizates. Cure : 30 minutes at 287® F. 


Base formula: GR-S 100.0 

Sulfur 2.0 

Stearic acid 1 .0 

Zinc oxide 5.0 

“Thionex’’ 0.5 


Carbon black As requin'd 

In 1944 copolymers of styrene and butadiene were scheduled for pro- 
duction chiefly in government owned plants operated by i)rivatc industry 
as shown in Table 119. 

Government rubber produced by copolymerization of butadiene and 
styrene is designated GR-S. Trade names of styrene copolymers manu- 
factured by private industry include ‘‘Buna'’ S, “Chemigum" IV, “Hvear” 
OS, “Hycar" EP, and “Hycar" TT. 

GR-S is the product which was selected to serve as general replace- 
ment for natural rubber. Properly compounded GR-S resembles natural 
rubber in most properties, including elasticity, strength and abrasion 
characteristics. Like natural rubber, it lacks oil-resistance. It is less 
satisfactory than natural rubber in some respects, especially because of 
the increased time of mastication required for breakdown, lack of tack 
with consequent troubles encountered in tire building, and heat build-up 
through hysteresis — a serious factor in heavy duty tires, especially, be- 
cause of its deleterious effect on the cord. It is less resistant to tearing 
and less resistant to low temperatures than natural rubber! These points 
of inferiority are, in most instances, not unduly serious and are being 
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Table 119. Copolymer Plants ♦ 

Northeast 

United States Rubber Co. 90,000 long tons Institute, W. Va. 


B. F. Goodrich Co. 

60,000 

ti 

a 

Louisville, Ky. 

Firestone Tire & Rubber Co. 

30,000 

ti 

it 

Akron, 0. 

Goodyear Tire & Rubber Co. 

30,000 


it 

Akron, 0. 

United States Rubber Co. 

30,000 

<< 

it 

Naugatuck, Conn. 

National Synthetic Rubber Corp. 

30,000 

it 

it 

Louisville, Ky. 

Polymer Corp., Ltd. 

34,000 

n 

it 

Sarnia, Ont. 

Regional total 

304,000 

a 

it 


Southwest 

B. F. Goodrich Co. 

60,000 

ti 

ti 

Port Neches, Texas 

Firestone Tire & Rubber Co. 

60,000 

ti 

tt 

Port Neches, Texas 

Firestone Tire & Rubber Co. 

60,000 

it 

it 

Lake Charles, La. 

Goodyear Tire & Rubber Co. 

60,000 

it 

tt 

Houston, Texas 

B. F. Goodrich Co. 

45,000 

it 

tt 

Borger, Texas 

Copolymer Corp. 

30,000 

it 

ti 

Baton Rouge, La. 

General Tire & Rubber Co. 

30,000 

ti 

it 

Baytown, Texas 

Regional total 

345,000 

it 

ti 


Pacific Coast 

Goodyear Tire & Rubber Co. 

60,000 

it 

it 

Los Angeles, Calif. 

United States Rubber Co. 

30,000 

it 

tt 

Los Angeles, Calif. 

Regional total 

90,000 

it 

tt 


^and Total 

739,000 

it 

tt 



♦ Compiled by B. H. Weil from data contained in the brochure on synthetic rubber 
accompanying Chem, Met Eng, for Nov. 1943, supplemented from other sources. Accord- 
ing to U.S. Tariff Commission preliminary figures, the actual 1944 total production of 
GR“S type synthetic rubber was 1,497.8 X 10® lbs in government plants and 3.2 X 10® 
lbs in private plants. 


Figure 240. Lifting a com- 
pleted ice grip tire made with 
GR~S from the mold. 


V,' s': 


Couitesy The Goodyear 
7'ire & Rubber Co, 
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studied intensively. Lack of tack can be overcome by incorporation of 
a few per cent of a new resinous tackifier made by General Aniline & 
Film Corp. under the name ‘'Koresin.” This product is a polymer of 
vinyl p-ter-butyl phenol, made by catalytic reaction of acetylene with 
the corresponding alkylated phenol. In German practice zinc or cad- 
mium salts of organic acids have been utilized as catalysts. Tack de- 
veloped by painting GR-S carbon black stock with hexane solutions of 
“Koresin” is at an optimum where the solution contains about 3 per cent 
of this polymer, as shown by Figure 241. 

Estimates of maximum-eflBciency-manufacturing-costs of GR-S have 
been given as about 20 cents per pound. 

Butadiene-acrylonitrile copolymers have been manufactured chiefly 
by private industry under the trade names “Buna” N, “Perbunan,” 
“Perbunan” Extra, “Chemigum” III, “Hycar” OR-15, “Hycar” OR-25, 
and formerly, “Thiokol” RD. These products sell at a premium price, 
in the order of 50 cents per pound and are especially useful because 
of their oil-resistant characteristics. A small amount of this type of 
elastomer has also been produced as GR-A under Government auspices. 

Various other butadiene copolymers have been studied, but they are 
not yet in production. The Eastern Regional Research Laboratory has 
investigated copolymers with methyl acrylate and its analogs. To prod- 
ucts of this character, the name “Lactoprene” has been applied because 
of the derivation of methyl acrylate from lactic acid. The Mathieson 
Alkali Co. has announced a new elastomer, reported to be unique in low 
heat build-up, made by copolymerization of butadiene with a dichloro- 
styrene. 

Pol3rmers and Copolymers of Chloroprene 

Neoprene, originally trade-marked “Duprene,” was the first elastoprene 
to be a commercial success. It was developed at the du Pont Experi- 
mental Station as an outgrowth of fundamental studies upon acetylene 
carried out by Father J. A. Nieuwland and his students at Notre Dame 
University. Nieuwland found this hydrocarbon capable of undergoing 
polymerization by passage through an aqueous solution of cuprous and 
ammonium chlorides. The dimer: vinylacetylene, and the trimer; divinyl- 
acetylene, are formed simultaneously according to the following equa- 


tions: 


(7) 

OusOlf 

2HC^H — 

NH4CI 

(8) 

3HC^H 



RELATIVE TACKINESS 


NATURAL AND SYNTHETIC ELASTOMERS 


569 



CONCENTRATION OF SOLUTION IN PER CENT 

Courtesy General Amline & Film CorpM 

Figure ^1. Tackiness of GR-S carbon black stock painted with solutions 
of ‘^Koresin” in hexane. (Tack determined by means of the General Aniline 
& Film Corporation method; cf. Ref. 44.) 



Courtesy Hycar Chemical Co. 

Figure 242, Extrusion of a compound through 

a laboratory tubing machine. 
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The first of these products is the intermediate used in manufacture 
of neoprene; the second, a by-product, can be converted to a liquid 
known as “S-D-0” which resembles drying oils. 

“S--D-0.” Divinylacetylene is usually obtained in greater amount than 
vinylacetylene unless conditions are carefully controlled. Even then it 
is produced in appreciable quantities as a by-product. Inasmuch as 
vinylacetylene is the commercial source of neoprene, divinylacetylene is 
an industrial by-product. On standing, this hydrocarbon absorbs oxygen 
from the air and becomes dangerously explosive. Warmed in the ab- 
sence of air, it polsunerizes to a highly unsaturated viscous liquid which, 
on further heating, yields a hard, insoluble resin. On exposure of a 
film of the intermediate oil to the atmosphere, it dries rapidly, giving a 
protective coating which is highly impervious to moisture. The oil is 
known under the trade designation “S-D-0,” meaning synthetic dry- 
ing oil. Because of the explosion hazard involved in storage and use, 
“S-D-0” has had a precarious industrial career and has been withdrawn 
from general distribution. It can be used to waterproof concrete and 
other types of walls which are prone to pass moisture, but inasmuch as 
it does not exhibit good adhesive characteristics, it should be employed 
only on rough surfaces where mechanical anchorage prevails. “S-D-0” 
surface coatings are liable to fail under repeated vibration. 

Neoprene. Monovinyl acetylene, b.p.: 6®, is the essential intermediate 
in the synthesis of neoprene. Its preparation is carried out under care- 
fully controlled conditions in order to hold divinylacetylene formation 
to a minimum. 

Vinylacetylene polymerizes, on standing, to a viscous oil and finally 
to a hard, resinous solid. In many reactions this dimer of acetylene 
behaves like a conjugated diolefin. This character is of especial com- 
mercial significance in the case of addition of hydrogen chloride. On 
shaking with concentrated hydrochloric acid, in the absence of other 
chemicals and at room temperature, vinylacetylene gives 4-chloro-l,2- 
butadiene in good yield, together with lesser amounts of the isomeric 
2-chloro- 1 ,3-butadiene. 

(9) H,C=CH-CsCH -I- HCl — »- H,CC1— CH=0=CH, 

(10) H,C==CH— C^H + HCl — ^ HjOOH— C=CH, 

ii 

In a typical reaction, Carothers and his coworkers found these two 
compounds present in the ratio of 2.2/1 after 7 hours of shaking at room 
temperature, reaction then being 43 per cent complete. Various water- 
soluble salts catalyze these reactions. In some instances, as with calcium 
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chloride, the two chlorinated products are formed in the same ratio as 
in the absence of catalyst, the effect of the salt being simply to increase 
the rate of reaction. In other cases, especially that of cuprous chloride, 
rearrangement of the 4-chloro- into the 2-chloro-isomer apparently oc- 
curs and the product is entirely the latter. 4-Chloro- 1,2-butadiene can 
be quantitatively rearranged to the corresponding 2-chloro- 1,3-butadiene 
by means of the same catalysts. This fact is not surprising in view of the 
presence of both the allyl and allene configurations in the primary chlo- 
ride. These two isomers, however, are not tautomeric as in the case of 
many allyl systems, for the secondary halide possesses a halogen at- 
tached to an unsaturated carbon atom. Such a structure is conven- 
tionally very stable and rearrangement to the primary chloride, there- 
fore, does not take place. 

HCl 

(1 1 ) H.CX 1— CH=C>=CH2 — ^ H20=CH-~CC1=CH2 

ruiCla 

There is a marked difference between these two isomeric chlorides 
in their ease of j^olymerlzation. 4-Chloro- 1,2-butadiene fails to poly- 
merize on standing for several months, on distilling, or on heating at 50° 
under 6000 atmospheres for 45 hours. 2-Chloro- 1,3-butadiene polymerizes 
readily, on the other hand. Indeed, Carothers has reported that its 
polymerization in bulk occurs some 700 times faster than that of isoprene. 

By analogy with isoprene, 2-chloro- 1,3-butadiene has been dubbed 
^^chloroprene.^' It is a volatile, colorless liquid boiling at 59.4° and hav- 
ing a density at 20°/4° of 0.958. Its odor is reminiscent of ethyl chloride. 
Although its commercial significance lies in its ability to polymerize to 
a rubber-like polymer to be described shortly, chloroprene is capable of 
yielding several other different types of polymers. Cyclic dimers, known 
as P-polychloroprenes, are produced at temperatures of 60° or more in 
the absence of air. In structure, these P-polymers resemble terpenes ob- 
tained by dimerization of isoprene. They possess a marked odor and it 
is to their presence in small amount that the characteristic penetrating 
odor of the earlier types of neoprene has been traced. Under other con- 
ditions granular (so-called <*>-) polymers are obtained and under still 
others, a balata-like polymer has been isolated. 

If spontaneous polymerization at temperatures up to about 35° is 
stopped short of completion by precipitation with alcohol or coagula- 
tion by other means, a thermoplastic, so-called a-polymer is obtained 
which resembles milled smoked sheet rubber in many of its physical and 
mechanical properties. Except for certain copolymers, commercial neo- 
prene consists of a-polychloroprene. It can be handled on a mill like 
rubber itself and is soluble in aromatic hydrocarbons. This a-polymer 
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is thought to possess a symmetrical linear chain, a segment of which 
may be represented as follows: 

CHr--<3Cl==<3H— CSr-CHr-CCl=^ 

Both its symmetry and its linear character are indicated by the x-ray 
diffraction patterns of stretched polymer. It is one of the few synthetic 
rubbers which give crystalline x-ray diffraction patterns in the stretched 
state. In this respect it resembles natural rubber, methyl rubber, and 
polyisobutylene, but is in contrast to the butadiene-type synthetics 
which are thought to be somewhat cross-linked. Probably because of its 
strictly linear character, neoprene handles on the mill more like rub- 
ber itself than like the “Buna” rubbers. 

Oxygen, peroxides, and irradiation catalyze the formation of a-poly- 
chloroprene. 

The earliest grades of neoprene were produced from the monomer 
without the use of either solvent or modifying agent, save about 2 per 
cent of a stabilizer, such as phenyl-p-naphthylamine. For several years 
the principal grade of neoprene was manufactured by mass polymeriza- 
tion. More recently, emulsion polymerization methods have been em- 
ployed. The properties of the emulsion polymer are superior with respect 
to color, odor, and milling characteristics. Emulsion polymers are more 
readily plasticized by the incorporation of small amounts of a variety 
of organic compounds. The emulsion polymer is available in several 
grades which differ largely with respect to processing characteristics. 

In the manufacture of all but a few specialty grades, chloroprene is 
polymerized in aqueous emulsion and subsequently coagulated by freez- 
ing on a chilled revolving drum. A thin continuous film of coagulum 
is thus obtained and removed by means of a doctor blade. The film is 
thoroughly washed on an endless belt and oven dried, a process which 
eliminates odoriferous contaminants as well as water. The film is sub- 
sequently roped, and cut into short lengths; or it may be shipped in milled 
sheets. 

If the spontaneous polymerization of liquid chloroprene is allowed to 
proceed to completion, an elastic polymer, called p-polychloroprene, is 
obtained. It begins to appear after polymerization of the monomer has 
proceeded to the extent of 30 to 40 per cent. It is for this reason that the 
a-polymer is produced commercially by stopping polymerization short 
of completion. The p-polymer is also obtained where a-polychloroprene 
is allowed to stand for some time at room temperature. (Conversion of 
a- to (i- form is accelerated by heat. At 130®, for example, transforma- 
tion is complete in five minutes, whereas, at 30°, some ten days are 
required. 
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H-Polychloroprene is thought to be formed as the result of cross-linking 
of chains of a-polymer, probably through establishment of direct carbon- 
to-carbon bonds. The transformation resembles the vulcanization of rub- 
ber in the physical development of elasticity at the expense of plasticity. 
This is the process which is brought about industrially during the cur- 
ing of neoprene. 

a-Polychloroprene Cures spontaneously on standing. In order to pre- 
vent this loss of plasticity and make possible its compounding in ac- 
cordance with the general principles of rubber technology it is necessary 
to stabilize the a-poljrmer. Secondary aromatic amines, especially 
phenyl-p-naphthylamine, inhibit vulcanization at normal temperatures 
making it possible to store a-polymer over long periods of time. This 
inhibiting effect begins to disappear at temperatures above lOO" and 
stabilized a-polychloroprene compositions are usually vulcanized by 
heating at or above 116*. 

Various substances act as catalysts or accelerators of vulcanization. 
Zinc oxide, zinc chloride, ferric chloride, and primary aromatic amines 
are among materials of this category, zinc oxide being especially useful 
in commercial practice. Polyhydric phenols like resorcinol, catechol, and 
pyrogallol act as ultra accelerators. Sulfur does not serve as a vulcaniz- 
ing agent, but with certain types of neoprene it does act as an accelerator. 
It is recommended for use with neoprene where adhesion to brass plate 
is desired and to impart certain valuable properties to the vulcanizate. 

Neoprene can be handled on rubber machinery much like natural 
nibber. It can be mixed with the customary compounding ingredients, 
although their effect is usually not the same as with natural rubber. 
For a detailed discussion of compounding practice, trade publications 
should be consulted. It may be mentioned, however, that carbon black 
and zinc oxide exercise some reinforciqg action, although not as much as 
with natural rubber. Whiting and clays often improve tear resistance. 
Zinc oxidi^ and litharge serve as accelerators. Sulfur is sometimes used 
for the same purpose. Magnesium oxide prevents scorching. Rosin and 
various chemical plasticizers are used as softening agents, depending on 
the type of neoprene. Over-cure of ngcprene does not result in marked 
deterioration of physical properties as is often the case with natural 
rubber. 

Vulcanized neoprene is superior to natural rubber in solvent resistance, 
in retention of tensile strength after being swelled by such solvents as 
aromatic hydrocarbons, in resistance to heat, and in resistance to light, 
ozone, and oxidation in general. Where used in conjunction with the 
proper compounding ingredients, its vuleanizates possess relatively high 
non-flmnmability. As in the case of other elastroprenes, the properties 
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of vulcanized neoprene can be varied within wide limits by suitable com- 
pounding. Without added materials, p-polychloroprene is colorless or 
light yellow where carefully prepared in the absence of oxygen. It is 
darker in color if polymerization occurs in the presence of considerable 
air or oxygen. At 20® its density is 1.23 and its refractive index (n^) 
is 1.5512. It elongates about 800 per cent before breaking and shows a 
tensile strength of at least 2000 lbs per sq in at the breaking point. It 
swells, but does not dissolve in carbon tetrachloride, carbon disulfide, 
benzene, nitrobenzene, pyridine, aniline, ethyl acetate, and ether. Its 
resistance to gasoline and lubricating oils is much greater than that of 
natural rubber and its tensile strength is much less affected thereby. 

Polychloroprene is produced commercially as several different grades 
of neoprene. An all-purpose type and a number of specialty grades are 
manufactured. The principal differences which exist among the several 
types of neoprene are concerned with the properties of the unvulcanized 
polymer and the processing operations to which they are suited. A 
stabilized aqueous emulsion of polychloroprene is marketed as neoprene 
latex, which is available in concentrations of 50 per cent and 60 per 
cent by weight of dry solids. 

Copolymers of chloroprene with other polymerizable materials, such 
as acrylonitrile, isoprene, and styrene, have been made. The properties 
of these copolymers differ somewhat from those of the chloroprene poly- 
mers. 

Neoprene and neoprene latex are produced in a privately owned 
du Pont plant at Deepwater, N. J. During the war, neoprene (GR-M) 
was produced in a government plant at I^ouisville, Ky. 

Elastolenes 

Fisher originally proposed the term elastolene to cover elastomers 
like polyisobutylene which are formed in the presence of catalysts like 
boron trifluoride. The word has been shortened to elastene by Barron 
and defined to include those elastomers which are substantially saturated 
polymers and copolymers of olefinic hydrocarbons. In this group Barron 
placed polyethylene, polyisobutylene, ^'Butyl*^ rubber, and ‘^A-X-F.” 
The last-named product has been discussed in Chapter 13. It differs from 
the other materials mentioned in that it is a Friedel-Crafts condensation 
product of aromatic hydrocarbons and aliphatic dihalides; hence its 
inclusion among the elastolenes is open to some question. Other plastics 
of recent origin Which appear to qualify as elastolenes are sold under the 
trade names ^^Styraloy” and ^Tliolite” S-3. 

Elastomeric pol 3 rmer 8 and copolymers of methyl acrylate, classified 
in this text as elastoplastics, might also be considered as elastolenes de** 
rived from substituted olefins. 
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Polyethylene 

The simplest elastolene in point of view of structure is polyethylene. 
Practically, however, the manufacture of this product presents many 
obstacles which have only recently been surmounted, so that this poly- 
mer is among the newer American plastics. Its development is a British 
achievement. Imperial Chemical Industries, Ltd., began its manufacture 
on a pilot plant scale early in 1939. When the war broke out in Sep- 
tember of that year, English imports of German polyvinyl chloride for 
electrical insulating applications were, of course, cut off and this new 
plastic played a vital role in helping to relieve a difficult situation. Its 
manufacture in the United States on a pilot plant scale began in 1942. 
It is now produced by the Carbide and Carbon Chemicals Corp. and by 
the du Pont Company. The product of Imperial Chemical Industries 
is known under the trade name ^^Alkathene.” Carbide^s product is known 
as polyethylene DYNH resin; du Font’s as ‘Tolythene.” I.C.I. has also 
used the term “Polythene.” 

Chemistry. The structure of the product is apparently that of a 
paraffinic hydrocarbon of formula — (CH 2 )„ — . Molecular weight of 
commercial polymers varies from 3000 to 50,000, several grades being 
produced in England, but only relatively high molecular weight ma- 
terial being manufactured in this country at present. Like other linear, 
symmetrical high polymers, polyethylene is largely microcrystalline in 
character, being composed of clusters*' of orthorhombic crystals. Be- 
cause of its crystalline nature it can be cold-stretched up to about 400 
per cent. The tensile strength of sheets and filaments can be improved 
in this manner. Although elongation is normally irreversible, partial 
reversion can be made to occur by heating to temperatures of about 
100 ^ 

The methods employed for American manufacture of polyethylene 
have not been disclosed. According to a basic early British patent of 
the I.C.I. , polymerization of ethylene to solid products is contingent on 
four conditions. 

(1) High pressures must be employed — at least 500 atmospheres in 
the presence of oxygen or 1200 in its absence. The relation of molecular 
weight of polymer to pressure is shown in Table 120. 


Table 120. Relation of Pressure to Molecular Weight of Polyethylene •• 
(CJonffitions: 0.06% oxygen, 200®, steel autoclave) 


pressure 

520 atmospheres 

1,000 

1,500 ‘‘ 

3,000 


Molecular Weight 
2,000 
4,000 

6 , 000 - 12,000 

12,000-24,000 
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(2) Temperatures of 100 to 300® are requisite, preferably 150 to 250°. 
Increasing temperature accelerates reaetian, but lowers molecular weight 
so that at high temperatures grease>like products are obtained. 

(3) Because of the exothermic character of the reaction, heat must 
be removed rapidly in order to avoid excessive temperature rise. For 
every pressure/oxygen-content ratio, there exists a critical temperature 
above which explosive decomposition of the ethylene occurs instead of 
polymerization. At 1500 atmospheres and 0.1 per cent oxygen, for ex- 
ample, this critical temperature is about 400®. 

(4) The oxygen content, if any, must be held within carefully con- 
trolled limits. Under 1500 atmospheres and temperatures of 180 to 200®, 
the relation of yield and molecular weight to oxygen content is shown 
in Table 121. 


Table 121. Belation of Oxygen Content to Formation of Polyethylene** 


Oxygen Content 
(%) 

Yield 

(%) 

Molecular Weight 

0.01 

6 

18,000 

0.04 

9 

12,000 

0.07 

10 

10,000 

0.13 

15 

6,000 

0.16 


Explosive decomposition 


In the absence of oxygen, reaction occurs slowly over a period of 
several hours; in its presence, polymerization takes place quickly, but 
yields are lower. Continuous operation, however, can be set up in the 
presence of oxygen, unused ethylene being recycled. The oxygen con- 
sumed during reaction exerts a negligible effect on most of the chemical 
and physical properties of the polymer. The power factor, however, is 
increased by even traces of oxygen, so that electronic applications re- 
quire minimal oxidation. 

Properties. Polyethylene is supplied primarily in the form of a granu- 
lar powder for molding and extrusion. It contains a small amoimt of 
added antioxidant and is of a grayish-blue translucence, opaque in thick 
sections. Uncompounded, it possesses a white translucence very similar 
to that of parafSn wax which it also resembles in feel. Although some- 
what harder than wax — ^its Brinnel is 2 — it can be scratched with the 
fingernail. In other properties, however, such as toughness, flexibility, 
and strength, polyethylene differs markedly from the waxes. In thin 
sections it possesses a high degree of flexibility. Film and tape, for ex- 
ample, fabricated from unplasticized polyethylene are as limp and 
flexible as plasticized vinyl sheeting. M^ed articles, however, of thick 
cross-section are rigid. Tubing and caUe insulation possess varying 
flexibility, depending on thickness. Flexibility can be increased without 



NATURAL AND SYNTHETIC ELASTOMERS 577 

appreciable sacrifice of electrical properties or moisture resistance by 
compounding with the polybutenes. Its flexibility and toughness with- 
out ready extensibility are reminiscent of gutta percha and are re- 
tained over a considerable temperature range. Even at —45° thin strips 
(0.075 in thick) can be bent suddenly and sharply without breaking. 
Up to 90° polyethylene exhibits good recovery from deformation with 



Figure 243. Solubility of polyethylene in organic sol- 
vents versus temperature. (Carbide and Carbon Chem- 
icals Corporation Resin DYNH.) (ilfj/ers*®) 


only very slight cold flow. It differs- from most moldable thermoplastics 
in that it possesses a fairly sharp softening point in the neighborhood 
of 110°. It is flammable, burning slowly with a light blue flame. 

Its tensile strength increases with molecular weight, as shown in 
Table 122. 

The resistance of polyethylene to water and moisttire is unexcelled. 
Its water vapor transmissivity at 25° is 0.4 gram per sq in per 24 hrs 
for sheeting 0.004 in thick and 0.07 gram for 0.010 in thickness. Its 
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Table 122. Tensile Strength of ^^Alkathene” * 


Material 


Tensile Strength 
(kgs/cmO 

Ball and Ring 
Softening 

Point (»C) 

Approximate 
Viscosity at 

190® C 
(Poises) 

Approximate 

AveraM 

Molectilar 

Weight 

*'Alkathene** 

2 

160 

115 

35,000 

10,000 

(1 

7 

140 

112 

10,000 

3,500 

17.000 

15.000 

(1 

20 

120 

110 

<1 

70 

100 

106 

1,000 

13,000 

it 

200 

80 

100 

360 

— 


* Adapted from manufacturers* data, Imperial Chemical Industries, Ltd., Plastics 
Division, London. CCf.“) 



Figure 244. Phase diagram for polyethylene resinr— atylene system. 
Concentration of resin in solvent, by weight per cent, versus equi- 
librium temperature. (Afyers*®) 
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electrical properties , are equally outstanding. It possesses the lowest 
density of any moldable rigid plastic, namely: 0.92-0.93 at 20°. 

Polyethylene is incompatible with most thermoplastics, but can be 
compounded with natural and synthetic rubbers, gutta percha, poly- 
isobutylene, and paraffin wax. The polybutenes improve flexibility. It 
can be filled with various pigments by milling at temperatures of 115° 
or above. Carbon black reinforces and stiffens it somewhat; other fillers 
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DURATION OF MILLING AT I60*C IN HOURS 

Courtesy Imperial Chemical InUustrieSy 


Figure 245. Progrcssi\o oxidation of Grade 20 “Alkathonc” on open mills; 
(’ffeot on molecular weight, molt-viscosity, ami softening iioinl (ring and 
ball). Note that the molecular weights rt'fer to the portion of material which 
is soluble in tetralin at 75°. 

Polyethylene is insoluble in alcohols, esters, ether, glycerol, acetone, 
glacial acetic acid, carbon disulfide and linseed oil, regardless of tem- 
perature. It is relatively insoluble in other solvents at room temperature, 
but above about 70® it is dissolved by aromatic hydrocarbons such as 
xylene, toluene, and benzene. At elevated temperatures it also yields solu- 
tions with turpentine, mineral oils, carbon tetrachloride, trichloroethylene, 
and chlorobenzene. Its solubility characteristics are shown in Figures 243 
and 244. 

At 100®, polyethylene is not attacked by immersion in concentrated 
nitric or hydrochloric acids, nor by 60 per cent sodium hydroxide after 
1 hour of exposure. It is slightly charred by concentrated sulfuric acid 
under these conditions. It is unaffected by ultraviolet light and by 
ozone at room temperature. In vacuum, decomposition begins to occur 
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at about 300°. In air, oxidation begins to be apparent at about 120° 
and proceeds fairly rapidly at 200°. 

Oxidation is also brought about by milling on hot rolls. While the 
extent of this reaction is only slight, it is nevertheless sufficient to cause 
a marked change in several physical properties if it is sufficiently pro- 



DURATION OF MILLING IN HOURS 

Courtesy Imperial Chemical Industries^ 


Figure 246. Increase in power factor of Grade 20 
*'Alk4thene” caused by milling in air at different tem- 
peratures. Frequency of measurement: 1,6 X 10^ cycles/ 
sec. 

longed. Alteration of dielectric characteristics is especially pronounced. 
Figures 245 to 247 illustrate this behavior. 

Typical properties of polyethylene are listed in Table 123. 
Fabrication. Polyethylene can be molded by extrusion, injection, or 
compression methods. It possesses a particularly high coefficient of 
thermal expansion which increases rabidly with temperature until the 
softening point is reached, where it drops and remains constant with 
further temperature rise. Its volume contraction in cooling from 120° 
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Table 123. Typical Properties of ‘'Polythene^’ ** 


(Data given herein represents standard commercial grades of material and standard 
methods of testing except where otherwise noted.) 


Property 

Test Result 

Test Method 

Specific gravity 

0.92 

D71-27 

Tensile strength, psi 


«) D638-42T »> 

at-70®F 

6,000 


at 77® F 

1,700 


at 170® F 

700 


Elongation, per cent at 77® F 

30-600 

0) D638-42T «> 

Modulus of elasticity, 77® F psi 

14,600 

«) D63g-42T 

Flexural strength, 77® F psi 

1,700 

D660-41T 

Stiffness, 77® F 

13,300 

(i) D747-43T 

Impact, Izod -70, 77, 170® F ft Ib/in 

( 8 ) 

D25&-41T 

Rockwell 

13R 

ARL. M-29 

Flow temperature, ® C 

104 

D669-43 

Deformation under load, 122® F per cent 

20 

«> D621-43 

Strain release temperature, ® C 

75-80 

ARL. M-16 

Yield temperature, ® F 

140 

(» ARL. M-8 

Heat distortion temperature, low load, ° F 

122 

«> D648-42T 

Specific heat, cal/gm/® C 

0.5 


Coefficient of expansion, per ® F 

10.6 X 10-« 

D696-42T 

Thermal conductivity, Btu/hr/ft*/® F/in 

2.96 

D325-31T 

Dielectric strength, step by step, V/M 

1,000 

(e) 

Volume resistivity, ohm-cm 


(»> 

Water absorption, per cent 

0.01 

D570-42 

Flammability, in/min 

Ignites and burns slowly 


Outdoor exposure 

No discoloration 

( 7 ) 

Accelerated weathering 

No discoloration 

( 7 ) 

Methods of working 

Inj., compr., extr., cal. 
White translucent 


Basic color 


Resistant to 

Water, alkalies, acids, and 
oxygenated solvents 


Not resistant to 

Chlorinated solvents, ali- 
phatic and aromatic 
hydrocarbons at ele- 
vated temperatures 


Outstanding for 

Moisture resist., elect, 
prop., toughness, work- 
ability 


Major uses 

Electrical insulation, 
tubes, containers 



Average values reported. May vary considerably with method of specimen prepa- 
ration (inj., comp., ext., etc,). 

Tensile tests made at speed of 1 in/min. 

Does not break at room temperature in 4 ft lb machine. 0.60 ft lb at — 70® F. 
Tests run at a load of 1200 psi since the 4000 psi loading of the standard test was 
designed for more rigid plastics. 

Maximum fiber stress 66 psi. 

(®) Values given are for early experimental ‘‘Polythene.” 

Tensile strength and elongation drop in absence of stabilizer. 
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to 20“ is 12.5 per cent, more than half of which occurs between 120 and 
80° during recrystallization. Because of these characteristics, slow cool- 
ing of extruded material is essential in order to prevent formation of 
voids. Likewise, slow cooling of compression molded articles, with con- 



Fiwre 247. Power factor of polyethylene and oxi- 
dized polyethylene. Variable frequency measure- 
ments at room temperature. Oxidation effected by 
milling at 160“ for time specified on each curve. 

tinned application of pressure until cold, is desirable to minimize internal 
strain. 

For extrusion, both the cylinder and die temperatures should lie be- 
tween 115 and 160°. Compression molding should be carried out within 
the same temperature range. Injection molding cylinder temperatures 
should lie between 175 and 260°. 

Polyethylene articles can be machined, cut, blown, blanked, or swaged 
without difficulty. 

Sheets of polyethylene can be fabricated by extrusion, calendering, or 
slicing. 

Solutions of polyethylene can be prepared in hot xylene or other sol- 
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vents of the type listed above and are applicable in coating paper and 
cloth, as well as in adhesive formulation. Polyethylene may also be 
flame-sprayed by a modification of the Schori gun. 

Spinning of high molecular weight grades of polyethylene and cold- 
stretching of the resulting fibers is expected to yield a new type of 
synthetic textile. 

Applications. The principal application for polyethylene thus far has 
been in military electric insulation, especially radar, where advantage 
has been taken of its remarkable dielectric properties. Potential uses 
include bottle caps and liners, collapsible tubes, flexible pipe and tubing, 
water-proof sheeting and surface coatings, and such molded articles as 
battery parts and ice cube trays. Artificial silk is a potential outlet for 
this new plastic. 

Polybutenes 

The polymerization of isobutylene by means of sulfuric acid and other 
catalysts to low molecular weight liquid products is a reaction which has 
long been known and which has lately become of immense practical 
value in the manufacture of diisobutylene for conversion into isooctane. 
During the decade of the ’thirties it was found that at relatively low 
temperatures and in the presence of Friedcl-Crafts type catalysts, 
notably boron trifluoride, isobutylene polymerizes to much higher molec- 
ular weight products ranging from viscous liquids to elastic solids, the 
highest members of the series being more rubber-like than rubber itself. 
The lower members, between 2000 and 10,000 molecular weight, were 
first developed in Germany by Otto and Mueller-Cunradi. Higher 
polymers were later produced as the result of joint research carried out 
by the Standard Oil Development Co. and the I. G. Commercial prod- 
ucts were placed on the market in Germany under the name “Oppanol.” 
They first appeared in this country about 1935 \mder the name “Viska- 
nol” which was soon changed to “Vispronal” and then to “Vistanex.” 
In Great Britain, polybutencs have been sold as "Isolene.” 

“Vistanex” has been made available in several grades: 7000, No. 6, 
Medium, and High Molecular Weight — ^the degree of polymerization in- 
creasing in the order named. The designations LM, MM and HM have 
also been used, corresponding to low (5,000-15,000), medium (30,000- 
150,000), and high (above 150,000) molecular weight. High molecular 
weight poly butene has also been marketed under the name “Synthetic 
100 .” 

Chemistry. Polybutenes can be synthesized in molecular weights 
ranpng from 2000 to over 400,000. The commercial products are made 
essentially from isobutylene, but contain varying amounts of the normal 
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isomeric olefins. Disregarding the latter, a typical segment of a poly 
butene macromolecule is as follows: 


CH, CH, CH, CH, 

in, in, in, (!», 


The marked crystalline character of the x-ray diffraction pattern of 
stretched polybutene affords physical evidence of the regular symmetry 
of its molecule. Pyrolysis of 20,000 polymer at 350®, moreover, yields 
about 50 per cent of isobutylene and from 20 to 25 per cent of octenes, 



Figure 248. Effect of n-butenes on the molecular 
weight of polyisobutene produced at -“95® using boron 
trifluoride catalyst. {Thomas, Sparks, Frolich, Otto, and 
Mueller-Cunradi 

chiefly the diisobutylenes. Chemical evidence for the above formula 
is thus available, although the appearance of some octenes in the prod- 
ucts of decomposition, other than the dimers of isobutylene, suggests the 
possible presence of a small amount of material less symmetrical in 
structure than that shown above. 

The formation of polyisobutylene is an extremely rapid reaction which 
occurs almost explosively at subzero temperatures. Under properly 
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controlled conditions, 90 per cent yields, or better, of this elastolene can 
be obtained in a fraction of a second from liquid isobutylene. The rate 
of polymerization does not decrease perceptibly as the temperature is 
lowered. 

Boron trifluoride is an extremely effective catalyst for the reaction and 
is preferred industrially. Aluminum chloride and titanium tetrachloride 
are also efficaceous. Hydrogen sulfide, mercaptans, anhydrous hydro- 



Figure 249. General effect of reaction temperature on the 
molecular weight of polymers produced from isobutene. (^Thomas, 
Sparks, Frolich, Olio, and Mueller’-Cunradi^^) 


gen fluoride, and anhydrous hydrogen chloride act as poisons, the last 
two depressing the molecular weight of the polymer. 

The nature of the product is subject to variation by control of the 
purity of the raw material, the temperature of reaction, and the use of 
diluent. 

The presence of other olefins in the isobutylene employed may mark- 
edly affect the molecular weight of the polymer. Ethylene and propyl- 
ene are without effect, but the normal butenes decrease polymer size, as 
shown by Figure 248. 
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Small amounts of dimers and trimers of isobutylene lower both the 
yield and molecular weight of the polymer. This observation is of fecial 
theoretioal significance because it affords striking proof that the forma- 
tion of long elastolene chains does not pass through the conventional 
dimeric and trimeric stages. 

Various chemicals present to the extent of 0.5 per cent are capable of 
accelerating polymerization and increasing the size of the pol 3 mier. Such 



Figure 250. General effect of diluent concentration on the 
molecular weight of polymers produced from isobutene at —78°. 
{Thomas, Sparks, Otto, Frolich, and MueUer-Cvnradi^) 


compounds include certain phenols, formaldehyde, and sulfuric and nitric 
acids. 

As the temperature of polymerization decreases, the molecular weight 
increases rapidly as shown by Figure 249. 

The use of diluents facilitates temperature control by moderating the 
violence of the reaction. Probably because of this fact the molecular 
weight of the polymer increases exponentially up to a limiting concen- 
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tration of about 80 per cent by volume of diluent (at —78'’). Beyond 
this point the customary effect of dilution on polymerization reactions 
appears to predominate suddenly and the molecular weight of the poly- 
mer drops off abruptly, as shown by Figure 250. 

The Staudinger viscosity constant for use in calculating the molecular 
weight of polybutenes is 0.77 x 10*^. 



Figure 251. Penetration-molec- 
ular weight relation for poly- 
butenes at 25® by the ASTM 
method for wax and asphalts. 
( Thomas, Zimmer, Turner, 
Rosen, and Frolich^^) 


Properties. The polybutenes are available in a considerable range of 
properties. The lower polymers are clear, viscous, very sticky syrups 
which flow with increasing diflSculty as the molecular weight rises. The 
higher members of the series are colorless rubber-like solids whose tough- 
ness and strength increase with molecular weight. Penetration data 
indicate that there is a critical point at which these polymers change 
from viscous fluids to elastic solids in the neighborhood of a molecular 
weight of 27,000. This fact is illustrated in Figure 261. 

Below 80,000| these polymers possess very little strength. At about 
this point they begin to acquire tensile strength which increases gradu- 
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ally until at 150,000 it is in the order of 500 lbs per sq in. Depending on 
its mechanical treatment before testing, the tensile strength of 200,000 
polybutene may be as much as 1900 lbs per sq in. 

Poly butenes of high molecular weight are subject to depolymerization 
by both mechanical and thermal means. Mechanical breakdown occurs 
by agitation in solution or by milling. Vigorous agitation of 275,000 
polybutene in n-heptane (1 mg per cc) during two hours, for example, 
has been shown to result in a decrease of molecular weight to 150,000. 



Figure 252. Molecular weight 
degradation of polyisobutene vs. 
time of Banbury mastication. 
(Sparks, Lightbown, Turner, Fro^ 
lick, and Klebsattel^^) 


The effect of time and temperature of Banbury milling is shown in 
Figure 262. The results are similar, but not as rapid as those obtained 
with natural rubber. 

Thermal degradation occurs at temperatures above 100°. After two 
hours of heating 140,000 polybutene at 150°, for example, its molecular 
weight decreases to 30,000-40,000. Stabilizers are known which greatly 
retard both mechanical and thermal breakdown. 

Regardless of molecular weight, all of the polybutenes show both cold 
flow and tack although these two properties become less conspicuous with 
increasing molecular weight. 

The polybutenes possess unusual reversible extensibility and hi gh 
elongation. Unfilled, they can be Stretched without breaking to as much 
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as 1000 per cent or more. The incorporation of fillers decreases stretch, 
but polybutenes take up these materials with avidity on the rubber mill. 
It is possible to incorporate 1000 per cent of carbon black in high mo- 
lecular weight ^'Vistanex/' for example, without loss of elastic properties. 
Fillers do not exhibit any reinforcing action on the physical properties 
of the poly butenes. Strength is sacrificed to some extent by their use. 
Tack and cold flow are somewhat reduced. 



Figure 253. Rebound of 168,000 molecular weight poly- 
isobutene balls and vulcanized pure gum rubber balls 
falling under their own weight from a height of 1 meter. 

{Sparks, Lightbown, Turner, Frolich, and Klebsatiel^^) 

The poly butenes are not brittle at —78®. They possess an unusually 
wide range of flexibility, failing to liquefy at 180®, despite some thermal 
breakdown. For this reason they were once recommended as additives 
for flattening the viscosity index of lubricating oils and greases. 

The rebound or bounce of the polybutenes is dependent on temperature. 
Unlike many other elastomers they exhibit almost no rebound at room 
temperature, but approach natural rubber in this respect at 100® (see 
Figure 263). 

The higher polybutenes possess excessive elastic memory or nerve 
at ordinary temperatures. It can be decreased by heating to about 100®. 
Compounding with fillers or miscible oils and waxes reduces nerve, but 
only at a sacrifice of other physical properties. 

As would be expected from the saturated nature of these polymers, 
they cannot be vulcanized by means of sulfur. They can, however, be 
mechanically combined with other vulcanizable elastomers. In such 
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combinations the physical properties of the polybutenes become para- 
mount where they are present in excess of 60 per cent. 

The saturated character of the polybutenes is further reflected in their 
resistance to oxygen and ozone. They can therefore be combined with 
natural rubber to improve the aging characteristics of the latter. They 
are likewise resistant to concentrated acids and alkalies, although they 
are attacked by nitric and sulfuric acids at elevated temperatures and 
by the former even on prolonged standing at room temperature. They 
show the typical resistance of saturated hydrocarbons to other reagents. 
Towards hydrogen fluoride they are inert, but they are slowly hardened 
by chlorine and bromine. Direct sunlight and ultraviolet cause gradual 
depolymerization, especially in the case of the higher polymers. 

The polybutenes dissolve in aliphatic hydrocarbons at room tempera- 
ture. Aromatic hydrocarbons dissolve all but the highest molecular 
weight products. Certain chlorinated solvents dissolve them ; oxygenated 
solvents in general do not. They are compatible with paraffin wax, hydro- 
genated coumarone-indene resins, rosin, ester gum, montan wax, and 
‘Tetrex^^ 5 and 21, but are incompatible with most other resins and with 
animal and vegetable fats, oils, and greases. 

The density of the polybutenes is about 0.9, varying slightly with 
molecular weight. Some of their electrical properties are shown in 
Table 124. 


Table 124. Electrical Properties of Polybutenes 


iperature 
f C) 

Power Factor 
(800 cycles) 

Dielectric 
Constant 
(800 cycles) 

Resistivity 

(ohm>cm) 

Breakdown 

Voltage 

(kv/mm) 

20 

0.0004 

2.3 

> lO's 

23 

85 

0.0005 

2.2 

> 10 ^^ 

23 


IVequency in Cycles 


Power Factor (20® C) 



800 


0.0004 



1,2 X 10« 


0.0011 



2.8 X 10« 


0.0012 



6.7 X 10® 


0.0015 



Because of their hydrocarbon character, the polybutenes possess ex- 
ceptionally good resistance to water and water vapor. 

Uses. The polybutenes have found especial utility in combination with 
natural rubber for cable sheathing applications. The resistance of rub- 
ber toward ozone, acids, and water is thereby greatly enhanced. Steam 
hose, belt coverings, inner tubes, gas masks, and balloon cloth are other 
recommended applications for rubber-polybutene mixtures. 

Polybutenes alone have found extensive use as the gasoline-soluble 
liner for aircraft bullet-proof gas tanks. 

They are used in conjunction with fillers in numerous gaskets, packing 
and caulking compounds. 
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They have found utility as plasticizers for various waxes and resins. 
Blends of less than five per cent with paraffin wax improve low tem- 
perature flexibility of waxed sheets. Above this concentration^ however, 
blocking may be encountered. Paraffin wax blends have been especially 
useful in packaging frozen foods. Their utility in conjunction with poly- 
ethylene has been mentioned in the preceding section. 

Admixed with various asphalts and pitches they often improve low 
temperature flexibility, increase softening point, and enhance adhesion 
so that such mixtures have found use, for example, in improved coatings 
for refinery pipe linings and sealing compositions. The compatibility 
of polybutenes with carbonaceous pitches usually decreases with in- 
creasing molecular weight. 

Polybutenes are employed in such miscellaneous applications as seal- 
ing compositions and pressure sensitive adhesives for use on cellophane, 
masking, and surgical tapes. Fluid types have found limited use as a 
replacement for oil in high-voltage paper cable. 

They have been used to flatten the viscosity index of lubricating oils 
and to improve stringiness of greases and special lubricants. Unfor- 
tunately, their service performance in lubricating oils does not appear to 
have lived up to early predictions based on relatively simple laboratory 
tests. They are available as lubricant additives in mineral oil solution 
under the trade name ^Taraflow^^ and as grease components under the 
designations ^Taratone” and ^Taratac.^’ 

“Butyl” Rubber 

Closely allied to the polybutenes is “Butyl” rubber. This material, 
or rather these materials — for a whole series of copolymers is included 
generically under the trade name “Butyl” — have been developed by the 
Standard Oil Company of New Jersey. 

Chemistry. “Butyl” is a cross between the poly butenes and the poly- 
butadienes. Like the former, it is prepared by low temperature poly- 
merization using Friedel-Crafts type catalysts. Mixtures of olefins and 
diolefins are employed, the products being linear copolymers possessing 
a relatively low degree of unsaturation. In present industrial practice, 
isobutylene is the olefinic constituent and isoprene the diolefin. A code 
letter following the word “Butyl” indicates the specific diolefin used. 
A portion of the molecular structure of “Butyl” may be represented as 
follows: 


CHi CH, CH« CH, CT, CH, 

— — (!r--CHa— — c!r-C^ — — C — 002 — CHs — C — CHa C CHj • * • 

in, in, in, <[3 h, in, ch, ch, 
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Only a few per cent of diolefin is employed. Commercial 
possesses from 1 to 3 per cent as much unsaturation as natural rubber. 
The exact amount in any particular copolymer is indicated by the figure 
following the lettered grade, for example: ^^Butyr’ B-1.45 or ‘'ButyF’ 
B~3. By introducing only a slight degree of unsaturation into an other- 
wise paraffinic chain an elastomer results which possesses enough double 
bonds to allow vulcanization with sulfur to yield a product closely re- 
sembling soft rubber in physical characteristics, but very nearly satu- 
rated. The reactivity of natural rubber, attributable to its highly un- 
saturated character, is thus eliminated in '^ButyP' and the vulcanized 
product is relatively very stable to oxygen, ozone, strong acids, and even 
copper, cobalt and manganese compounds which cause serious deteriora- 
tion of natural rubber goods. 

As the proportion of diolefin used during polymerization is increased, 
the unsaturation of the product rises correspondingly. Tensile strength 
and elongation decrease, but heat stability and hysteresis properties, as 
reflected especially in heat build-up, improve rapidly. Curing time is 
shortened. 

Quinone dioxime can be used advantageously with ^^Butyl” as a 
vulcanizing agent. 

Although commercial ‘^Butyl” is reported to possess a molecular 
weight in the range of 40,000 to 80,000, copolymers as high as 400,000 
can be prepared. Depending to some extent on composition, increasing 
molecular weight results in higher moduli, better rebound and heat 
build-up characteristics, and increased heat stability of the cured prod- 
uct. Plasticity of the uncured product, and therefore processability, 
suffer. 

Properties. '^Butyl” is odorless and tasteless. It possesses a density of 
0.91. Uncured, it resembles the polybutenes and has a consistency com- 
parable to that of well masticated natural rubber. It is tacky and un- 
dergoes cold flow. Like the polybutenes, it does not bounce appreciably 
at room temperature and this curious lack of rebound carries over to the 
vulcanized product, although at 100° it approaches natural rubber in this 
respect. Compounding with small amounts of elasticators improves re- 
bound as well as heat build-up and processability. Aromatic ethers like 
trichlorodiphenyl ether (^^Dow 3X”), benzyl ether, and ethyl diphenyl 
ether, certain aromatic hydrocarbons such as p-cymene, and chlorinated 
biphenyls (^‘Aroclors^O are useful elasticators. 

Uncured “Butyl” is supplied to the trade admixed with one part of 
zinc stearate and one-half part of phenyl-p-naphthylamine. It differs 
from natural rubber in that no breakdown is required on the mill before 
compounding. On cold rolls it is tough and ropy. Between 80® and 100® 
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it becomes soft and smooth, but on heating at higher temperatures, it 
acquires a crumbly character. In the activity of vulcanization accelera- 
tors and in the effect of fillers “Butyl” also differs from natural rubber. 
Moreover, unsaturated softeners and elastoprenes cannot be used in 
conjunction with “Butyl” because of their preferential reaction with 
sulfur. 



Figure 264. Relation between tensile strength, tear 
resistance (Crescent) , and channel black (“Kosmobile 66”) 
content of vulcanised “Butyl A.” {Thomas, Lightbown, 

Sparks, FroUch, and Murphree^) 

“Butyl” can be cured with the assistance of ultra accelerators of the 
thiuram type, such as tetramethylthiuram mono- and disulfides, zinc 
butyldithiocarbamate, and dipentamethylenethiuramdisulfide, preferably 
in combination with mercaptobenzothiazole or an analogous compound 
which tuds in decreasing heat build-up and hot flow. Most other rubber 
accelerators, however, yield poor vulcanizates with “Butyl.” 



CHEMISTRY OF COMMERCIAL PLASTICS 


m 

Carbon black does not exercise reinforcing action on the tensile 
strength of this elastolene, nor do other fillers. On the contrary, both 
tensile and elongation usually decrease gradually with such additions. 
Tear resistance and modulus, however, are improved, especially by semi> 
reinforcing furnace blacks, as illustrated by Figure 254. Resistance to 
abrasion, cutting, and shock, as well as toughness, are also improved by 
addition of suitable fillers. 

“Butyl” is vulcanized at temperatures between 140“ and 200“. It is 
slower curing than natural rubber, but is not easily overcured. Indeed, 
its hysteresis properties improve progressively with increase of curing 
time. The relation of tensile strength and elongation to curing time is 
shown in Table 126. 


Table 126. Effect of Temperature on Curing Rate of Butyl Rubber •• 

138® Cure 146® Cure 150® Cure 166® Cure 


Cure 

(min) 

Tensile 
Strength 
flb/aq in) 

Elongation 

(%) 

Tensile 
Strength 
(Ib/sq in) 

Elevation 

Elongation 

(%) 

Tensile 
Strength 
•Ob/sq in) 

Elongation 

(%) 

15 

Undercured 

1300 

1270 

2400 

1130 

2780 

1070 

30 

1400 

1260 

1970 

1080 

3360 

1090 

3540 

1000 

60 

2720 

1180 

2640 

1000 

3360 

970 

3510 

980 

120 

2930 

1030 

3360 

980 

3620 

980 

3640 

970 


Cured ^^ButyP' in general is similar to soft rubber insofar as elasticity 
and strength are concerned. Its stress-strain curve, however, differs in 
shape from that of natural rubber, for relatively little stress is required 
to produce elongations of 600 to 700 per cent. Beyond this point, the 
curve resembles that of natural rubber, as shown by Figure 255. 

^‘ButyP^ is not ranked among the solvent resistant synthetic rubbers 
for it is attacked by aliphatic hydrocarbons. Oddly enough, it is some- 
what resistant to aromatics like benzene and toluene, as well as to 
ethylene dichloride and various oxygenated solvents. Although swelled 
about 100 per cent on prolonged immersion in oleic acid, it is much 
more resistant to vegetable and animal fats and oils than is natural 
rubber. 

“Butyl” is far superior to natural rubber in resistance to oxygen, 
ozone, and most chemical reagents. 

Although resistant to hydrochloric and sulfuric acids, “Butyl” be- 
comes spongy on exposure to concentrated nitric acid and, at 100®, it 
undergoes marked loss of strength therein. 

“Butyl” possesses better flex resistance than natural rubber and re- 
tains elastic qualities at temperatures as low as — 80®. Although more 
stable in sunlight than natural rubber, it does tend to depolymerize 
slightly. This behavior can be overcome by loading with 30 per cent or 
more of carbon black. In comparison with natural rubber it is also rela- 
tively heat-stable, as showq^^y Table 126. 
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The water-resistance and permeability of “Butyl” to various gases 
is excellent, the latter being illustrated by Table 127. 

“Butyl” possesses valuable electrical properties listed in Table 128 
which compares the properties of pure gum natural rubber with those 
of pure gum “Butyl.” 



Figure 255. Stress-strain charactcristit;s of three types 
of “Butyl” as compared with natural rubber. (Thomas, 
Lightbown, Sparks, Frolich, and Murphrcc 


Applications. has been recommended for use in fire and air 

hose, tank linings, conveyor belts, molded goods, electrical insulation, 
foodstuffs tubing, balloon fabric, gas masks, pontoons, and naval matting. 
Properties making it particularly well suited for such applications are 
resistance to age, light, water, and chemicals, electrical insulating char- 
acteristics, and impermeability to gases. The last-named property 
adapts “Butyl” to use in fabrication of inner tubes for tires which are 
not subjected to heavy duty sufficient to cause hot flow. “Butyl” can be 
used in automobile tires, but not advisedly. It was originally planned 
to manufacture 182,000 long tons of this elastomer per year to relieve 
the rubber shortage. Much of this amount would have gone into tires. 
In this application, however, “Butyl” is admittedly as yet only a poor 



596 


CHEMISTRY OF COMMERCIAL PLASTICS 


Table 126. Heat and Age Stability of Rubber and 
“Butyl” Rubber in Geer Oven" 


Tensile Strength Gb/eq in) 


Loadit^ 

(on Total Qum) 

Oriidnal 

14 days, 70® 
oven 

7 days. 100® 
oven 

24 hr. 150® 
oven 


Natural Rubber 



No. 1 pure gum 

No. 2 pure gum 

3400 

2500 

0 (brittle) 

Melt 

Melt 

(heat-resistant) 

2700 

2780 

0 (brittle) 


**ButvV' 

Rubber 



Pure gum 

3600 

3500 

2870 

Melt 

85% Calcene 

2300 

2320 

1800 

Melt 

50% Gastex 

2600 

2300 

2300 

660 

85% Gastex 

2000 

1800 

1800 

670 

50% gas black » 

3300 

3000 

2720 

920 

85% gas black • 

2600 

2260 

2180 

1330 

50 % zinc oxide 

3340 

2850 

2040 

Melt 

85 % zinc oxide 

3100 

3000 

2350 

Melt 

50% P-33 

3000 

2560 

2000 

440 

85% P-33 

2300 

2000 

1870 

620 

50% lithopone 

3300 

3160 

2300 

Melt 

85% lithopone 

3000 

2560 

1870 

Melt 


• Cabot No. 9 gas black 


Table 127. Approximate Relative Gas Permeabilities through Pure Gum Stocks “ 


Gab 

Hydrogen 
Helium 
Nitrogen 
Sulfur dioxide 


Ratio of Rate of Diffusion through Natural Rubber 
to Rate of Diffusion through Butyl” Rubber 

10-12.5 
6 or greater 
10-20 
Very great 


Table 128. Electrical Properties of “ButyF' and Natural Rubbers, 
Measured at 1000 Cycles 


“Butyl” Rubber Natural Rubber 


Dielectric strength, kv/mil 

0.6 

0.5 


Dry 

Wet* 

Dry 

Wet* 

Dielectric constant (1000 cycles) 

2.11 

2.10 

2.46 

2.76 

Power factor, % 

0.04 

0.05 

0.04 

0.16 


* 88 hours in distilled water; surface wiped dry for measiu’ement. 

substitute for rubber. Tire life is about 20,000 miles at speeds of 40 
miles per hour or less. 

The solubility of “Butyl” in paraffinic hydrocarbons adapts it espe- 
cially well for use in cements and coating compositions because toxic 
aromatic hydrocarbon solvents normally employed for these purposes witi) 
natiu'al rubber can be avoided. 

“Butyl” has been manufactured as part of the Government rubber pro- 
gram under the designation GB-I (Government Rubber — ^Isobutylene). 
The production originally planned was cut back to 75,000 Icmg tons, 
manufacture of which was to be distributed as follows: 
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Polymer Corp., Ltd., Sarnia, Ont. 7,000 long tons 

Standard Oil Co. of La., Baton Rouge, La. 38,000 ** 

Humble Oil & Refining Co., Baytown, Texas 30,000 “ “ 

Actual 1944 production, however, was only 48,613,000 pounds. 

^^Flexon,^^ dubbed '^bath-tub Butyl, was the name applied to '^ButyV^ 
rubber which was to be produced by small refiners on their premises in 
simple equipment and in small batches, using solid carbon dioxide added 
directly to the reacting mixture as a coolant. Obvious difficulties in lack 
of uniformity, poor physical properties resulting from improper control 
of reaction, excessive waste of isobutylene through high volatilization 
losses, and insufficient supplies of dry ice led to abandonment of the 
projected manufacture of this product. 


Styrene Copolymer Elastolenes 

A new-comer to the field of elastolenes is “Styraloy,” manufactured 
by the Dow Chemical Company and available in two grades of molding 
powder designated as 22 and 22A. Relatively little information has yet 



Figure 256. Flat plate flow properties of “Styraloy 22.” (Original sample 
heig&: 0.125 inch. Load: 237 Ibs/sq inch. Upper flat plate diameter: 2 
inches.) 


been released concerning this material, but it appears to be a copolymer 
of styrene and butadiene in which styrene is the major constituent. It 
possesses an iodine number of about 6.3 and it tends to undergo some 
self-vulcanization on proloiiged heating. It is substantially hydrocar- 
bon in character, but contains a small quantity of added antioxidant. 

‘‘Styraloy^^ has been developed primarily for use in electric cable, 
especially ignition and low frequency coaxial cable where low tempera- 
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ture flexibility and minimum cold flow at elevated temperatures are 
required of one material, as in aviation applications. 

^^Styraloy’’ is dark slate gray in color. Its density is 0.96. It is flexible 
at temperatures as low as *-70®, although it is more stiff and less resilient 
than most grades of soft rubber. Its extensibility varies from about 200 
per cent for compression molded and extruded material to only 16-20 
per cent in the case of injection molded articles. Elongation is only 
partially reversible for considerable cold flow occurs during stretching. 
Flat plate flow of ^^Styraloy” is shown in Figure 266. 

Current grades of '^Styraloy” appear to be well adapted to compres- 
sion molding and extrusion. With reasonable care they can also be 
injection molded. It is important to avoid excessive heating of the 
material. If desired, ^^Styraloy^* can be drawn after extruding, although 
in some cases it may be advisable to cool the extruded material to 200- 
260® F before drawing. Plasticization also aids drawing operations. 

General physical properties of ‘^Styraloy” are listed in Table 129. 


Table 129. Physical Properties of '^Styraloy^' 22^ 


Tensile strength 
Elongation at break 

Weld strength (injection molded) 
Impact strength 

Distortion under heat, A.S.T.M. 
Molding conditions 
Extrusion 


Compression molding 

Injection molding 

Bulking factor 
Density (25°) 

Heat conductivity 
Specific heat at 30° 

Linear coefficient of thermal expansion 
-20 to -f '84° 

4* 84 to + 110° 

Burning rate, A.S.T.M. 

Water absorption, A.S.T.M. 

24 hrs 
4S hrs 

Water vapor transmissivity (26°) 

5.0 mils thickness 
Abrasion resistance 
Flex resistance, 1 kg load, 1S0° bend 

Tear resistance, A.S.T.M. 
Machinability 


1000-1200 Ibs/sq in 

200-260% (compression molded or extruded) 
16-20% (injection molded) 

500 Ibs/sq in 

1.2-1. 8 ft Ibs/in of notch 

62-65° 

Feed zone — unheated, below 300° F 
Barrel and cross head — 340-350° F 
Die— 350-370° F 
Temperature — 120-160° 

P|.es8ure — ^600-1000 Ibs/sq in 
Temperature— 420-480° F 
Pressure — ^6000-10,000 Ibs/sq in 
2-2.5 
0.957 

4.32 X 10*^ cal/sec/° C/cm/cm* 

0.406 cal/gm/°C 

1.79 X 10^cm/cm/°C 
2.26 X 10^cm/cm/°C 
1 in/min 

0 . 2 % 

0 . 8 % 

88.1 gm/sq m/24 hrs 
Comparable to natural rubber 
Up to 60,000 bends, depending upon method 
of fabrication 
240 Ibs/in 
Feasible 
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Figure 257, Dielectric characteristics of “Styraloy 22’^ versus thickness. 


“Styraloy*’ is relatively resistant to oxygen and ozone by comparison 
with natural rubber. Its corona resistance is far superior to that of 
rubber. Electrical properties are shown in Table 130 and Figure 257. 

Table 130. Electrical Properties of **Styraloy” 22 at Room Temperature*^ 
(flat plate moldings, approx. 0.1 inch thick) 


Dielectric Constant 1000 cycles 2.5~2.6 

1 megacycle 2. 6-2.7 

50 megacycles 2.5 

Power Factor, % 1000 cycles 0.07-0.12 

1 megacycle 0.05-0.10 

50 megacycles 0.35-0.40 

100 megacycles 0.40-0.50 

Volume Resistivity 10*® ohm-cm 


Dielectric Strength 3000 volts per mil at 5 mils 

800 volts p^er mil at 20 mils 
(also see Figure 257) 

Molded or extruded “Styraloy” will withstand ten hours’ heating at 
150® and 80 pounds air pressure without enbrittlement, but will discolor 
under these conditions. Continued exposure then produces progressive 
stiflfening which will finally result in a brittle material. This change is 
probably caused by oxidation. In general, heat treatment reduces ther- 
moplasticity, increases solvent resistance, and reduces conductor migra- 
tion. 

Like natural rubber, “Styraloy” is attacked by common solvents, but 
to a lesser degree. 

It is compatible with many plasticizers such as dibutyl sebacate, 
tricresyl phosphate, and ‘^Santicizer” 9. It is also compatible with many 


BREAKDOWN POTENTIAL IN VOLTS 
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synthetic and natural polymers such as polybutene, GR-S, “Hycar,” 
“Thiokol” Type FA, neoprene, and natural rubber. If desired, small 
amounts of fillers, such as clays, carbon black, and wood flour can be 
mixed into “Styraloy,” but in general it is not desirable to use large 
amounts of these materials unless it is in combination with other poly- 
mers which are themselves capable of assimilating the fillers. 

In carload lots, “Styraloy” was priced in 1944 at 60 cents per pound. 

“Pliolito” S-3, a new styrene-butadiene copolymer containing 16 per 
cent diolefin, appears to stand in an intermediate position between elas- 
toprenes and elastolenes. It has been discussed in Chapter 16. 

Elastothiomers 

The elastothiomers constitute a group of elastomers quite unlike ad- 
dition polymers and copolymers of unsaturated hydrocarbons hereto- 
fore discussed in this chapter, for they are double decomposition products 
of various dihalides and alkali polysulfides. 

Although occasional references to a few aliphatic sulfur compounds 
of this nature occurred in the early scientific literature, such substances 
attracted little attention because of their uninviting amorphous char- 
acter. In 1920, J. C. Patrick reacted ethylene dichloride with sodium 
polysulfide while seeking a new antifreeze. The product turned out to be 
a solid, more or less rubbery material, highly insoluble in most organic 
solvents. It later aroused the interest of Bevis Longstreth, then president 
of the Bevis Rock Salt Company for whom Patrick had been investi- 
gating new uses for salt. Longstreth organized the Thiokol Corporation 
in Kansas City, subsequently moving to New Jersey, and in 1930 
“Thiokol” was first offered to industry, two tons being produced that 
year. Despite certain drawbacks — especially odor, it rapidly grew in 
favor because of outstanding oil resistance. 

In 1938, the Dow Chemical Company undertook manufacture of this 
elastomer for the Thiokol Corporation. A few years later the latter 
company opened a “Thiokol” latex plant at Trenton, while Naugatuck 
Chemical, Ltd., of Canada now manufactures “Thiokol” stocks under 
license. 

The position of “Thiokol” in the domestic rubber program has been 
rather uncertain. The Baruch Committee’s recommendations originally 
called for production of 60,000 long tons per year to be used largely in 
recapping civilian tires. Admittedly a poor substitute in this applica- 
tion, it was believed that this easy-to-make elastomer would tide the 
nation over a difficult period despite its shortcomings. Fabrication 
problems, however, proved to be more serious than had been supposed; 
the odor even of the best grades was an insurmountable obstacle to 
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general use and production was cut back to 24,000 tons per year or less. 

At about the same time that Patrick was carrying out his early work, 
J. Baer developed similar elastothiomers in Switzerland which were 
later commercialized by the German I.G. Poly sulfide rubbers are now 
manufactured in several other countries, the most important being Eng- 
land, Russia, and Japan. 

Chemistry 

The fundamental reaction involved in the manufacture of elastothio- 
mers is one of double decomposition between aliphatic dihalides and 
sodium polysulfide or other metal polysulfides. Long chains are formed, 
believed to have the following structure: 

XCI 2 + Na2S4 — S~X---S-~S 

u n u 

Reaction is carried out by slowly adding the dihalide, with vigorous 
agitation, to an aqueous solution of sodium polysulfide prepared from 
caustic soda and sulfur. The gravity of the polysulfide solution is ad- 
justed to about the same density as the halide and a dispersing agent 
is preferably employed to facilitate reaction and, in case a latex is de- 
sired as the final product, to assist dispersion. Peptized starch and 
proteins have been suggested as suitable dispersing agents, but the 
most satisfactory material appears to be magnesium hydroxide used to 
the extent of 0.5-1 per cent of the water present. A water miscible 
alcohol may also be added to aid intimate contact of the reactants. 

In carrying out this condensation, excess sodium polysulfide is em- 
ployed for two reasons: first, for purposes of economy; second, because 
a rubber-like polymer is obtained if it exceeds the stoichiometric equiva- 
lent of dihalide whereas a viscous liquid results where the latter is in 
excess. 

The reaction between aliphatic dihalides and sodium polysulfide is 
exothermic. Proper temperature control must be maintained either by 
cooling or by regulating the rate of addition of dihalide. Although re- 
action occurs at room temperature, it is best carried out around 70® 
under a reflux or in an autoclave. Depending on conditions, condensa- 
tion may require from two to six hours. 

On completion of reaction, the suspension is allowed to settle, decanted, 
and washed free from excess of sodium polysulfide and sodium chloride 
formed as a by-product. The elastothiomer is then coagulated with 
hydrochloric acid. Before precipitation, the polytetrasulfide may be 
treated further with caustic soda, as by heating at 80® for one hour. This 
operation eliminates the side sulfurs, thus yielding a polydisulfide. 
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action, that is addition of sulfur to the polydisulfide, can be brought about 
by- heating with elemental sulfiu* for 24 hours. After such treatment, no 
free sulfur can be extracted from the product by acetone, nor does subli- 
mation change its empirical formula. 

The physical properties of the thioplasts depend on the nature of X 
and on the amotmt of sulfur present in the monomeric unit. Some 
polymers are rubber-like, others are amorphous powders — aplastic, but 
non-rubbery. Where four sulfur atoms are present in the monomeric 
unit, all reported polymers are rubber-like, regardless of the nature of X. 
Where only two sulfur atoms are present, four or more carbon atoms 
(or their equivalent such as oxygen) must be present in the monomeric 
unit in order to yield a polymer possessing rubber-like characteristics. 
Where only a single sulfur atom is present in the monomeric unit, the 
product is an amorphous powder even where X contains a total of six 
carbons and two oxygens. In the case of ethylene polysulfide, rubbery 
properties begin to appear where an average of 2.5 sulfur atoms per 
monomeric unit is attained, corresponding to one coordinately combined 
sulfur atom for every other monomeric unit: 

. • • — CHa— CH, S S CHy—CH, — S — S— • ■ 

i 

Tabic 131 emphasizes these relationships. 

Principal halides used in production of domestic elastothiomers are 
ethylene dichloridc, |3,P'-dichlorodiethyl ether, and dichloroethyl formal. 
Propylene dichloride is less satisfactory. In certain grades of commercial 
products co-condensation of two of these halides may be effected. For 
example, ethylene dichloride and dichloroethyl formal may be used to- 
gether, the latter serving especially to improve low temperature properties 
of the elastomer. Abroad, glycerol dichlorohydrin and, reportedly in 
Japan, ethylene diglycoside are also used as intermediates. On stretching, 
some of the elastothiomers give x-ray diffraction patterns which indicate 
a more or less crystalline fiber structure, but in none is there evidence 
of orientation. 

Compounding and Vulcanization 

The elastothiomers can be vulcanized by beating to about 140”. Oxi- 
dizing agents are effective curing agents, typical examples being dinitro- 
benzene, trinitrob^ene, and benzoyl peroxide. Vulcanization is inhibited 
by such reducing agents as pyrogallol and zinc dust. In commercial 
practice, the vulcanizing agents employed are metallic oxides, chiefly 
zinc oxide, although others like cupric oxide and lead peroxide may be 
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Table 131. Unit Polymers of Sulfides 


Unit of Polymer 

Approximate Phsrei 
State 

— CH2S — 

Powder 

— CHaSS- 

Powder 

— CH2SS— 

Rubber-like 

till 


ss 


*— CH jCH aS— * 

Powder 

-CHaCHaSS-- 

Powder 

— CHaCHaSS— 

Rubber-like 

nil 


ss 


— CHaCHaCHaS-^ 

Powder 

-CHaCHtCHaSS- 

Powder 

— CHaCHaCHaSS— 

Rubber-like 

INI 


ss 


— CaHfiOCaHfiS— 

Powder 

— CaH40C,H4SS— 

Rubber-like 

— CaHfiOCaHfiSS-- 

Rubber-like 

nil 


ss 


— C2H40C2H40CIH4S— 

Powder 

— CaH40CaH4CK::JfH4SS— 

Rubber-like 

--C,H 40 C.H 40 C,H 4 SS— 

Rubber-like 

nil 


SS 


—CHaCHaCHaCHaCHaSS— 

Rubber-like 

— CHaCHaSCHaCHaSS— 

Rubber-like 


used. A trace of moisture is necessary in order to allow for curing by 
metal oxides which, in this instance, function as mild oxidizing agents. 
A completely satisfactory explanation of vulcanization of elastothiomers 
has not yet been propounded. It has been hypothesized that the end 
groups of the chains are mercapto radicals and that oxidation during 
vulcanization may involve coupling of chains by condensation of the 
terminal groups in the following manner: 

US — Y — SH -f* US — Z — SH "*■ US — ^Y — S S Z — SH -|- HjO 

ZnO 

Cross-linkages between chains may also be built up by formation of 
metallo-organo complexes. Ten per cent of zinc oxide is commonly 
recommended for cure. The rate of vulcanization is independent of the 
amount of oxide used, but less than five per cent is ineffective, while 
any excess over ten per cent serves merely as a filler. The change in 
stress-strain relationships brought about by vulcanization is shown in 
Figure 258. 
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It is not possible to cure elastothiomers to ebonite-like materials, 
although some of the non-elastomeric thioplasts fall in the category of 
solid plastics. 



O 100 200 300 400. 500 600 7Q0 800 

ELONGATION IN % v w 


Figure 258. Stress-strain curves for vulcanized polysulfide 
elastomer ( — O — CH 2 — CH 2 — S — S — ).. Compounding formula: 

Elastomer 100.0 parts by weight 

Zinc oxide 10.0 

Carbon black 20.0 

Stearic acid 0.^ 

Benzothiazyl 

disulfide 0.25 

Diphenylguanidine 0.10 

{Patrick 

Although sulfur does not bring about vulcanisation of these products, 
it does act as an accelerator. 

The elastothiomers can be compounded in much the same manner as 
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natural rubber. Semi-reinforcing and soft carbon blacks greatly en- 
hance physical properties and are almost universally employed. Forty 
per cent of black, based on the elastomer, is about optimum in the case 
of ‘ThiokoP^ FA, yielding tensile strengths in the order of 1200 lbs per 
sq in and elongations of 500 to 600 per cent. Stearic acid is used in 
amounts up to one per cent to help disperse these reinforcing agents. 

For white stocks, zinc oxide may be used. 

The elastothiomers are relatively little affected by softeners such as 
oils and natural resins, but they are subject to chemical plasticization by 
milling with certain of the usual natural rubber accelerators. Ben- 
zothiazyl disulfide (“Altax^’) is especially active in this respect, as little 
as 0.25 per cent exhibiting marked plasticizing action while 0.35 per 
cent causes too great softening for most purposes. This chemical plas- 
ticizer is most effective in the presence of diphenylguanidine. Thiuram 
disulfides behave similarly. 

Properties 

The elastothiomers are the neurotic members of the family of com- 
mercial elastomers. They possess extremely good physical properties in 
some respects and very disagreeable ones in others. They exhibit un- 
equaled solvent resistance. They are unexcelled in gas impermeability. 
They possess good aging characteristics and exceptional resistance to 
ozone. Special grades for low temperature service are available which not 
only retain rubber-like properties at temperatures as low as —60° F, but 
which can also be used as insoluble plasticizers to improve low tempera- 
ture properties of other elastomers such as polychloroprene (neoprene) 
and butadiene-acrylonitrile copolymers (“Buna^' N) . 

On the other hand, they possess a disagreeable odor and liberate a 
lachrymatory gas on heating or milling. Although newer grades are 
somewhat less objectionable than the earliest products from this point 
of view, the opinion of a manufacturer’s representative that they possess 
an odor reminiscent of sweet violets has yet to be substantiated by fac- 
tory hands! Among other unfavorable properties of these elastomers 
should be mentioned the fact that with certain grades, at least, stiffening 
occurs with age. This behavior is less marked after vulcanization than 
before. Crude polyethylene tetrasulfide, for example, becomes as hard 
as a rock on standing at room temperature. Newer grades, such as 
‘^Thiokol” FA, are vastly improved, although some stiffening is still en- 
countered in GR-P, a grade of 'Thiokol” N prepared from a mixture of 
ethylene dichloride and propylene dichloride. Relatively poor heat re- 
sistance, cold flow, lack of abrasion resistance in tin^ treads, and low 
tensile strength are other unfortunate shortcomings of these materials. 
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In such applications as gaskets and cements, some of these proi>erties like 
cold flow are definitely advantageous. 

Insofar as tensile strength is concerned, 1500 Ibs/sq in represents the 
upper limit of properly compounded elastothiomers currently available. 

In solvent resistance the elastothiomers are outstanding. Their 80 lu~ 
bility varies somewhat according to structure, but they are generally 
insoluble in hydrocarbons, esters, alcohols, and most other organic 
solvents. Even carbon disulfide swells them but slightly. Their strength 
is little affected by prolonged immersion in oils and miscellaneous liquids. 
Ethylene dichloride is among the rare solvents which will dissolve them 
and which can be used to prepare solutions. They do not show much 
tack. In building up plies, naphtha and other solvents used with natural 
rubber should not be employed because they decrease tack and adhesion. 
Stocks should be moistened with mixtures of ethylene dichloride and 
chlorobenzene instead. For bonding to rubber, an intermediate tie-gum 
should be used containing an admixture of elastothiomer and well mas- 
ticated natural rubber. 

The permeability of polysulfide derivatives of dichlorodiethyl ether is 
shown in Table 132. The helium to hydrogen ratio is about 0.64, similar 
to that shown by rubber. 


Table 132. Permeabilities to Hydrogen of' IJnHUpp«)rted Films of Polysulfidc 
Derivatives of Dichlorodiethyl Ether 




Average * 

Permeability 



Thicknera 
( cm ) ( in ) 


(«u ft /sq 
yd/24 hr) 

Specifit! 

Permeability 

Disulfide derivative 

0.030 

0.012 

0.6 

0.018 

12.5 


0.025 

0.010 

0.8 

0.024 

13.8 


0.017 

0.007 

1.4 

0.041 

16.2 


0.015 

0.006 

1.6 

0.044 

14.6 


0.011 

0.004 

2.2 

0.065 

16.8 

Tetrasulfide derivative 

0.033 

0.013 

0.2 

0.006 

4.6 


0.024 

0.010 

0.4 

0.012 

6.6 


0.019 

0.008 

0.6 

0.018 

7.9 


0.016 

0.006 

0.8 

0.024 

8.8 


0.009 

0.004 

1.2 

0.036 

7.6 

Rubber 

0.030 

0.012 

10.0 

0.296 

208 


0.025 

0.010 

14.2 

0.419 

246 


0.018 

0.007 

20.0 

0.590 

260 


Applications 

The most important uses of elastothiomers are based on their solvent 
resistance and impermeability to gases. They are utilized in gasoline hose 
in automobiles and service stations, in oil-loading hose, in printers’ rolls 
and newspaper blankets, and as the hydrocarbon-resistant lining of bullet- 
proof gas tanks for airplanes, military portable fuel depots, and box-oars 
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Courtesy Thiokol Corp. 


Figure 259. “Thiokor’ oil suction and discharge hose used for loading 
and unloading cargoes of gasoline, aromatic blended gasoline, and other 
solvents. 



Figure 260. Gasoline field storage tank utilizing ^‘Thiokol” oil-proof 
synthetic rubber for construction of cell. 
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Courtesy Thiokol Corp. 


Figure 261. This ‘Thiokol” FA putty, used to seal the joints of 
aluminum aiiplane gas tanks to prevent fuel leakage, forms a permanent 
bond with the metal, but does not stick to the fingers during application 
and can be put on with bare hands. The oil and gasoline resistant 
material retains its flexibility and sealing properties even at subzero 
temperatures. 


adapted for transportation of fuel oil. They are also used in paint spray 
hose, electric cable covering, and miscellaneous diaphragms and gaskets. 
For the last application, paper coated with elastothiomers serves ad- 
mirably under difficult conditions of solvent and temperature, plastic 
flow being a valuable characteristic, in this case, to ensure satisfactory 
sealing. Asbestos impregnated with “Thiokol” serves as a flexible seal 
for floating roofs of gasoline storage tanks, while “Thiokol” putties are 
utilized to seal cracks and seams in aluminum airplane wings used as 
fuel cells. The low permeability of elastothiomers adapts them to use 
in balloon fabrics. 

“Thiokol” is available not only in the form of crude for rubber process- 
ing equipment, but also as molding powders and solutions. An important 
development is “Thiokol” latex, one of its most significant applications 
being in the lining of Navy underground gasoline storage tanks and 
concrete tankers. For such use, the concrete is first sprayed with water 
to prevent complete absorption of subsequent layers of latex. Then two 
coats of “Thiokol” latex are applied, the surface lined with light cotton 
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sheeting; a third coat of ^Thiokol” latex is then applied. Finally several 
finishing coats complete the job. 

'ThiokoP^ is also available in powdered form for flame-spraying with 
the Schori gun, as illustrated in Figure 262. Most important application 
of flame-sprayed 'Thiokor^ is in coating steel shafts fitted with bronze 
propellers for use in mine sweepers, destroyers escorts, and other vessels. 
Corrosion caused by electrolytic action between dissimilar metals in sea 


INJECTOR NOZZLE IN HEAD 
OF PISTOL CREATES PARTIAL VACUUM 


POW^E^MELTS AS 
IT IS BLOWN THROUl 
CENTER OF FLAME 


BY-PASS HOLE. WHEN OPEN, 
^ BREAKS VACIAjM IN PIPE 


PRORANE OR 
ACETYLENE 




POWDER 

TANK 

POWDER 

VALVE 


TURBINE VIBRATOR 
PREVENTS PACKING 
OF POWDER 


JIair 

'"^MJNE 


POWDER FLOWS CONTINUOUSLY 
LIKE SAND THROUGH AN HOUR 
GLASS. SUCTION DRAWS 
FALLING POWDER INTO HOSE 
TO PISTOL WHEN OPERATOR 
CLOSES BY-PASS HOLE IN PISTOL 


0 HELMET 


^OXYGEN 


Courtesy Pioduct Entj^nccruiy 


Figure 262. Diagram of the Schori flume-spraying oquipmont and its operation. 
This apparatus was developed to spray powdered metal as a protective coating. 
It is now also used for the spraying of “Thiokol” and various thermoplastics. 


water is thus eliminated. Other uses of flame-sprayed “ThiokoF^ include 
linings of salt water pipeline valves, bearings, and low pressure condenser 
plates. 


Commercial Products 

Elastothiomers are known in the United States under the trade-mark 
'^Thiokol.” It should be noted, however, that use of this trade-mark has 
not been limited to these materials, but has covered other products such 
as 'ThiokoF' RD, a butadiene-acrylonitrile copolymer formerly made by 
the Thiokol Corporation. ^ThiokoF^ A, B, D, F, FA, and ST are elasto- 
thiomers. A is polyethylene tetrasulfide; B is produced by reacting 
dichlorodiethyl ether with sodium tetrasulfide. D is made from B by 
reaction with caustic soda, whereby the corresponding polydisulfide is 
formed. The composition of F has not been announced. It is especially 
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valuable because of its retention of rubber-like qualities at low tempera- 
ture and is probably a condensation product of sodium tetrasulfide with 
both ethylene dichloride and dichloroethyl formal. Type FA, also ap- 
parently derived partly from the formal, is an improvement from the 
point of view of odor and lessening of lachrymatory gases during 
processing. Type ST, a new polysulfide elastomer which is reported to 
come from the formal and trichloropropane, possesses markedly superior 
resistance to cold flow as compared to earlier varieties. It retains 
flexibility at —60° F without added plasticizers and can be used under 
higher operating temperatures as well. 

The Government synthetic rubber program resulted in the production 
of GR-P (Government rubber-polysulfide), formerly designated “Thio- 
kol” N. It is based on a mixture of ethylene dichloride and propylene 
dichloride. 

Similar products are made abroad. In Germany, “Perduren” G and 
H are manufactured from dichlorodiethyl ether and dichloroethyl formal, 
respectively. Another grade, like the British “Vulcaplas,” is produced 
from glycerol dichlorohydrin. The English “Novoplas” A is comparable 
to “Thiokol” B and “Perduren” G. A Japanese product, “Thionite,” is 
reportedly made from ethylene diglycoside by reaction with sodium tetra- 
sulfide. Other materials of this category include the Belgian “Ethanite,” 
Russian “Resinit,” and Japanese “Hydrite.” 

Current domestic production is in the order of 24,000 long tons per 
annum. Average price is about 36 cents per pound. 

Plastic Sulfur 

A unique application of “Thiokol” has been found in plastic sulfur. 
Developed during the ’thirties by W. W. Duecker at Mellon Institute, 
this product is sold under the trade name “Tegul.” It can be applied 
in molten condition and is used as an acid-proof cement for pickling 
tanks, chemical process equipment, and sewers. It is also used in the 
construction of acid-proof floors and in laying brick roads. 

Plastic sulfur is produced by first milling or otherwise admixing 
phosphorus pentasulfide or other metalloid polysulfide with “Thiokol,” 
then dissolving the plasticized elastothiomer in molten sulfur. On cool- 
ing, the sulfur retains its amorphous, plastic condition. Various degrees 
of plasticity can be obtained, depending on the proportions of the in- 
gredients. 


Elastoplastics 

Numerous thermoplastics have been compounded with various plas- 
ticizers to give more or less rubber-like materials. In addition to these 
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products, specific members of several classes of plastics, such as the 
alkyds and acrylics, have been found which of themselves possess rub- 
bery properties. These products have been listed on p. 566 and are dis- 
cussed at appropriate points throughout this text. 
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Chapter 21 

Rubber Derivatives 

By far the most important uses of rubber are those based on its elas- 
tomeric character. These applications, utilizing soft vulcanized rubber 
for the most part, have been discussed briefly in Chapter 20. Use of rub- 
ber as a chemosetting plastic in the production of ebonite has also been 
considered there. In addition to soft and hard vulcanized rubber, how- 
ever, there are a number of other types of resinous derivatives of this 
material which have important specialty uses. Their volume is small, al- 
though it was steadily increasing before World War II interrupted 
further expansion. In 1939, chlorinated rubber, for example, is reported 
to have been produced at the rate of something over a million pounds 
a year. At that time, there was but a single American firm making this 
product, and full-scale plant operations had begun only two years before. 
A second producer entered the field shortly before Pearl Harbor. 

The resinous derivatives of rubber to be discussed in this chapter 
are, for the most part, thermoplastic. They include isomerized rubber, 
rubber hydrochloride, chlorinated rubber, and oxidized rubber. 

The Nature of Rubber 

Crude rubber nominally contains about 92-94 per cent of high molec- 
ular weight hydrocarbons. The remainder is a mixture of proteinaceous 
material, acetone-soluble substances — including higher fatty acids and 
a variety of more or less resinous materials, ash, and moisture. By 
specific methods of treating latex during coagulation, it is possible to 
produce deproteinized rubber for special applications. The nitrogen 
content of the coagulum is thereby reduced from about 0.06 per cent to 
0.016 per cent or less. Even as low as 0.006 per cent can be obtained. 
Deproteinized rubber tinted with eosin for identification purposes is 
commercially available and has been discussed in Chapter 20. 

For many years the structure of the rubber hydrocarbon was a prob- 
lem which called forth a vast amount of research on the part of a large 
number of eminent chemists. Even today, although its basic nature is 
understood, much remains to be clarified. It is a striking tribute to 
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technologists, especially to American technologists, that the art of rub- 
ber compounding was developed to such a high degree during a period 
when relatively little was known concerning the chemical nature of the 
basic material. Amazing, indeed, have been the combined results of 
Edisonian methods of trial and error, experience, and chemical and 
technologic intuition ! 

The rubber hydrocarbon is a linear polymer of isoprene, 

H2C^^C — CH=^CHj| 

(!)h, 

in which as many as 6,000 individual monomeric unite may be linked 
together, with the consequent appearance in the polymer of one double 
bond per unit. Practically nothing is known concerning its method of 
s 3 Tithesis by nature. Even its molecular weight is still open to debate, 
although it probably lies in the neighborhood of 300,000. A typical 
segment of the molecule, which is thought to be a cis isomer (with respect 
to the methylene groups attached to the carbon atoms of the double 
bond), in contrast to tram isomers present in gutta percha and balata, is 
as follows: 


CH, CHa 

(!>=CH CH, CH, (>=CH CHi 

in. 


CH, 

o=da 

in. 


Two British chemists, C. O. Weber and S. S. Pickles, independently 
suggested the linear nature of the rubber hydrocarbon early in this cen- 
tury. Unfortunately this hypothesis was over-shadowed for many years 
by the contemporaneous notions of the German chemist, C. Harries, who 
carried out a comprehensive study of rubber and concluded that its hydro- 
carbon was composed of aggregates of ring systems to which he at first 
attributed eight carbon atoms and, later, sixteen. Partly because of the 
exaggeratedly high regard in which German chemists were universally 
held for many years, these ring system formulas of Harries were still 
quoted in textbooks a full quarter of a century after Weber and Pickles 
had offered their brilliant suggestions! 

Because it is a hydrocarbon, rubber is soluble in numerous liquid hy- 
drocarbons, especially those of aromatic nature. Usually, however, there 
is a portion — sometimes as much as 26 per cent — ^which, although it 
swells, does not dissolve in these liquids. This fraction is called in- 
soluble, or gel rubber. It can be dissolved in benzene after mastication 
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or by addition of a small amount of butyl alcohol or an aliphatic amine. 
It seems probable that gel rubber is composed of chains like those de- 
scribed above, cross-linked here and there with oxygen bridges or some 
other type of bond. A very slight amount of cross-linking would ac- 
count* for this behavior. 

Mechanical mastication of rubber results in molecular breakdown. 
The average molecular weight of milled rubber is much less than that 
of untreated material. This subject has been discussed further in Chap- 
ter 20. Decrease in molecular weight is accompanied by far-reaching 
physical alterations, especially increased plasticity and decreased vis- 
cosity of solutions. Similar reduction in the size of the rubber molecule 
can be effected by other means, also. In general, wherever the rubber 
hydrocarbon is subjected to a vigorous chemical reagent, it is broken 
down. The more vigorous the conditions of reaction and the more violent 
the reagents, the greater is the decomposition. 

Chemical reactions of the rubber hydrocarbon, for the most part, are 
determined by its unsaturation and its proclivity for decrease in molec- 
ular size. 

Isomerized Rubber 

A number of treatments are known whereby the nibber hydrocarbon 
can be converted into isomers having quite different properties. Syn- 
thetic methyl rubber (polydimethylbutadiene), although no longer a 
commercial product, acts in the same way. Certain other synthetics 
such as polyisoprene and even GR-S behave similarly. 

If, for example, rubber is converted to rubber hydrochloride which is 
then treated with zinc dust in toluene solution, hydrogen chloride is 
eliminated in the final step and the product has the same empirical 
formula as rubber (Cr,H,^)^, but is only half as unsaturated. It is called 
monocyclorubber and has been assigned the following formula by 
Staudinger; 



If this reaction is carried out in the presence of hydrogen chloride a still 
different product called polycyclorubber is obtained. This substance 
shows only a fraction of the unsaturation of the original rubber hydro- 
carbon. For it, the following structure has been suggested: 
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CHi 

• • •— "dll*— CHt — CHi 

H<i!! c!;h, 

HiC CH, 

\oTT 

yC C CHl 

— CHiJ €^, 

H,C CH, 


^Tl2 


Both of these products are thermoplastic high polymers, neither of 
which possesses rubber-like character. Their properties vary somewhat 
with the details of the preparative methods used. Upon simple heating 
of rubber in vacuo, decomposition into smaller aggregates occurs, some 
of the larger ones being cyclized. 

If rubber is treated with other chemicals, it can be converted into still 
other thermoplastic hydrocarbons which differ in their properties ac- 
cording to their mode of formation. They all possess the empirical 
formula (Cr,Hg)^ and show less unsaturation than the original rubber 
hydrocarbon. 

All of these various products are called rubber isomers or cyclorubbers 
and the processes employed to make them are usually denoted ‘‘cycliza- 
tion.'' There appears to be very little evidence supporting the various 
cyclic structures advanced for any of these substances, including Stau- 
dinger^s cyclo- and polycyclo-rubbers. Indeed, it has been maintained in 
some quarters that cyclization does not occur at all in these reactions. 
There is, however, still less evidence for this argument and the pre- 
ponderance of current opinion favors some sort of cyclic structure. 

These rubber isomers are reactive toward the same chemicals that 
act upon rubber itself. Hydrochloric acid, chlorine, oxygen, perbenzoic 
acid, and ozone react with them. As in the case of rubber, oxidation 
can be greatly reduced by antioxidants. Although they can be vul- 
canized, the vulcanizates so formed have no particular merit and, ex- 
cept for limited application in hard rubber or incidental formation in 
certain bonding procedures, they do not appear to be of commercial 
utility. 

Action of Sulfuric Acid and Its Derivatives on Rubber. Sulfuric 
acid and some of its derivatives such as chlorosulfonic acid react vigo- 
rously with rubber, either alone or in solution. The products are usually 
insoluble and high-melting. H. L. Fisher, however, found that the reac- 
tion can be moderated to yield soluble, more or less inelastic, thermo- 
plastic rubber isomers by milling the acid into the rubber and subse- 
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quently heating the resultant mixture under controlled conditions. Still 
better, a considerable number of organic sulfonic acids of both the 
aliphatic and aromatic series can be used in the same manner. So 
also can their corresponding sulfonyl chlorides. Among these isomeriz- 
ing agents are p-phenolsulfonic acid, p-toluenesulfonic acid, jS-naph- 
thalene-sulfonic acid, benzenesulfonic acid, chloro- and nitro-benzene- 
sulfonic acids, sulfobenzoic acid, Syntans, Twitchell reagents, ethane- 
sulfonic acid, sulfonated kerosene, diphenylamine sulfate, and dimethyl 
sulfate. Amino sulfonic acids aVe usually not effective. These reagents 
can subsequently be washed out with water, although they are partially 
destroyed during reaction, with attendant liberation of sulfur dioxide. 
Many other chemicals can be used to cause similar isomerization. Par- 
ticularly efficient are the anhydrous iodides of amphoteric metals. 

Some ten parts of isomerizing agent to 100 parts of rubber are cus- 
tomarily used, but more or less than this amount may be employed, ac- 
cording to the character of the product desired. Heating is carried out 
for several hours at temperatures varying from 100 to 145". After a 
preliminary period of heating, the length of which varies with the nature 
of the reagent and the amount used, a vigorous exothermic reaction 
occurs. The products arc normally dark colored, but become white upon 
purification. They are soluble in the usual rubber solvents and are 
similar in physical appearance to gutta percha, balata, or shellac, de- 
pending upon the conditions of reaction. With 7.5 parts of p-phenol- 
sulfonic acid and 100 parts of rubber, for example, heated to about 140° 
for six hours, the product resembles gutta percha; with 10 parts of 
reagent, heated in bulk, it resembles shellac. In the latter instance, if the 
milled product is sheeted into slabs one-half inch thick and heated in 
soapstone for 48 hours at 110", the resulting isomer is then similar to 
balata. 

,The products obtained by isomerizing rubber with sulfonic acids are 
known as thermoprenes, to which the suffixes GP, HB, and SL are at- 
tached to denote their respective resemblance to gutta percha, hard 
balata, or shellac. 

Typical physical properties are given in Table 133. 

Although more resistant to decomposition by heat than natural rubber, 
the thermoprenes are thermoplastic and should not be used where heat- 
resistance is a factor. They are approximately 57 per cent as unsaturated 
as rubber and are more resistant to oxidation than the latter. They are 
also resistant to alkalies and mineral acids, with the exception of nitric 
acid. They dissolve in the usual rubber solvents, including gasoline, 
toluene, benzene, carbon tetrachloride, and turpentine. 

These rubber isomers are used principally in the formulation of ad- 
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Table 133.' Phjrsioal Properties of Thermoprenes • 


Property Thermoprene GP 

Thermoprene HB 

Thermoprene L6 

Specific gravity (rm. temp.) 

0.980 

0.993-1.016 

0.993-1.003 

Tensile strength (Ibs/sq in at 22*’) 

2600 

2300-4800 

660 

Elongation at break, per cent 

27 

1.3-29.8 

0.6 

Impact strength (in Ibs/sq in at 0**) 
Ultimate compressive strength Gbs^q 

50 

20.8-42 

1.4-6.6 

in) 

Ultimate transverse strength Qbs/sq 

5400 

3850-10,600 

7100-9000 

in at 21®) 

Cold flow, per cent (50,000 lbs load at 

8100 

4800-7200 

1600-2140 

rm. temp.) 

38.6 

17.3-38.2 

22.8-34.3 

Dielectric strength (volts/mm) 

47,500 

50,000-55,200 

51,800-53,200 


(0.91 mm 

(0.94 (1.07 

(0.76 (0.89 


thick) 

mm mm 

mm mm 



thick) thick) 

thick) thick) 

Softening temperature (® C) 

Room 

Temperature 

65-77 



hesives and paints. They serve as the basis for “Vulcalock” cement 
■which gives an exceptionally strong bond between rubber and steel or 
other smooth surfaces. The “Vulcalock” process of bonding rubber to 
metal has proved to be of vast importance in the construction of rub- 
ber-lined steel tanks and vats, tank cars, drums, barrels, and other 
corrosion-resistant equipment. 

The thermoprenes are also the base of a series of rapid-drying acid- 
and alkali-resistant paints formulated without oils or nitrocellulose. 
These paints, known under the trade name “Acidseal,” yield films which 
possess excellent adhesion to properly prepared metals and other sur- 
faces. Films are hard, firm, durable, and exhibit some of the elasticity of 
rubber. They possess good resistance to moisture and most chemicals of 
acidic or alkaline nature. They are, of course, soluble in rubber solvents 
and, because of the thermoplastic nature of the thermoprenes, they 
soften at temperatures above 175® F. These paints are available in sev- 
eral colors as both primer and top coats and can be applied by either 
brushing or spraying. Unlike rubber, good brushing properties are re- 
tained when the thermoprene solids content of a paint is as high as 20 
per cent, or even more. Innumerable industrial applications have been 
made where corrosion resistance and durability are essential. 

Action of Metallic Halides on Rubber. If dissolved in benzene, ether, 
or other suitable solvent, the rubber hydrocarbon adds many metallic 
and metalloid halides which customarily effect polymerization of vinyl 
compounds, such as stannic chloride, titanium tetrachloride, ferric 
chloride, and antimony pentachloride. Upon 'treatment of the resultant 
addition product with alcohol or acetone, elimination of the halide oc- 
curs with -formation of a rubber isomer which is capable of recombining 
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with stannic chloride, for example. Similar results can be obtained by 
use of boron trifluoride, fluoroboric acid, or halogenated acids of tin like 
chlorostannic acid (HgSnCle-GHgO) and chlorostannous acid (HSnClg* 
SHgO). The chemicals just enumerated can be reacted with rubber di- 
rectly on the mill, or in benzene solution. In all these instances, the 
product is less saturated than the original rubber hydrocarbon. The 
following structure has been suggested for the product without proof : 

CH, CHa CHs 

CH,).— CH,— CH— CHs 

CH,— i— in— CH,— (CH,— i— in- CH,).— CHr-i— (1;H— CH, 

in, in, in. 

It seems highly improbable that this structure actually corresponds 
to the facts. Formation of cyclobutane rings in such a reaction, espe- 
cially where one of the cyclic bonds is established between two tertiary 
carbon atoms, appears most unlikely. Moreover, it is not probable that 
only two rubber chains would be crosslinked by such a reaction. 

Whatever the structure of the resulting products, operations of this 
kind are employed commercially in the manufacture of rubber isomers 
sold under the trade name, ^Tlioform.^^ These materials vary in physical 
appearance from those resembling balata to others more similar to hard 
rubber. As reaction advances in benzene solution, the viscosity decreases 
progressively, so that the point at which refluxing should be stopped to 
yield a rubber isomer having the particular properties required for a 
given application can be determined from the viscosity of the solution. 

^Tlioform” resins are thermoplastic, substantially non-elastic, and 
resistant to most acids and alkalies. They are much more resistant than 
hard rubber to nitric acid and are practically unaffected by this acid in 
concentrations up to 60 per cent. At 120® F, cold flow is less than that of 
hard rubber. These resins are insoluble in such oxygenated solvents as 
acetone, alcohol, and ether, but are soluble in the usual rubber solvents 
like benzene. Compounding with titanium dioxide makes them more 
oil resistant. Gel-rubber gives a product which is relatively insoluble 
in benzene and less readily oxidized than isomers of sol-rubber. ‘Tlio- 
form” resins can be softened with many of the common plasticizers. In 
surface coatings, raw tung oil is particularly effective. Such preference 
for unboiled oil stands in marked contrast to customary paint and var- 
nish technique. 

Properties of commercial grades of “Plioform^’ are listed in Table 134. 

These rubber isomers have found application in resinous corrosion- 
resistant linings for steel tanks and vats, in ‘Tliolite’^ acid- and alkali- 
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Table 184. Phji^cal Properties of “Plioform”* , 


Specific gravity 

i.od 

Odor 

None 

Taste 

None 

Softening point, ® F: 


No. 20 ‘‘Plioform” 

220 

No. 40 “Plioform” 

175-195 

Cold flow* (in per in of length) 

0.00035 

Molding temp. ® F: 


No. 20 “Plioform” 

310 

No. 40 “Plioform” 

260 

Ck>efiicient of thermal expansion 

0.00008 

Mold shrinkage (in per in) 

0.0035 

Resistance to discoloration by light 

Good 

Surface resistivity (ohms per linear in): 


At 90% relative humidity 

1 X 10« 

At 75 % relative humidity 

1 X 10« 

Tensile strength, Ib/sq in 

4000-5000 

Compressive strength, Ib/sq in 

8500-11,000 

Flexural strength, Ib/sq in 

7000-9000 

Impact strength (laod notched), - r ;-; — ; 

width X thickness * 

2.5-6.2 

Water absorption (24-hr immersion), % 

0.03 

Resistance to cone, acid 

Good 

Resistance to strong alkali 

Good 


* At 2000 pounds per square inch pressure and 120° F 

* Except strong nitric and strong sulfuric 

resistant paints, especially recommended as metal primers and concrete 
enamels, and in thermoplastic molding compounds which have been 
used, compounded with rubber for example, in the manufacture of golf 
ball coverings. Laminated “Plioform" products can also be produced. 
Just before Pearl Harbor, developments were announced relating to the 
application of “Plioform” in the outer shell of non-metallic airplane gas 
tanks. If pierced by bullets, unlike aluminum, the “Plioform” does not 
tear and flare out into the interior bullet-proof liner thereby preventing 
closure of the hole. 

Recently,, investigations have been directed toward the production of 
cyclieed derivatives of synthetic polymers and copolymers of diolelins. 
Table 136 lists properties of isomerized GR-S. 

During World War II, Goodyear successfully developed a replacement 
for “Pliolite” in the form of cyclized synthetic polyisoprene. The cy- 
clized material is made from this polymer by the same process as was 
formerly used in producing natural rubber “Pliolite.” It is called 
“Pliolite” S-1 and has found many of the same usages in industry as 
the former material. For example, it ia-used in combination with wax 
in hot melt paper coatings, in coatings for rigid surfaces, and in combina- 
tion with GR-S and other elastpmers for rubber compounding adapta- 
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Table 136. Properties of Cyclized GR-S ‘ 


Specific gravity 
Softening point 
Solubility 

Iodine number; 
Original GR-*S 
Soft cyclo GR-S 
Hard cyclo GR-S 
Compatibility 


0.99-1.03 

66-106“ 

Aromatic hydrocarbons, 
chlorinated hydrocarbons 

360 

200 

180-60 

Parafl5n, GR-S 


Moisture vapor transmission on glassinc (compounded with 10% paraffin): 


Coating weight 
Ibs/ream 
0.7 
2.4 
3.6 


M.V.T. 

(gms/sq m/24 hrs) 

4.08 
1.79 

1.09 


tions. It has been introduced as a base for acid- and alkali-resistant 
paints and, for such solution applications, possesses the advantage over 
natural rubber “Pliolite” of exhibiting lower viscosity at the same solids 
concentration in all solvents. 

^'Reanite^^ and ^^Cycleweld,'^ two new^ adhesives developed for rivetless 
bonding of metal sheets and other smooth surfaces, have been said to be 
based on rubber compounds, presumably rubber isomers. Little informa- 
tion concerning the nature of these materials has, however, been released 
and several different types of '^Cycleweld^' exist. These products, particu- 
larly the latter, rendered excellent military service, especially in the air- 
craft industry. 

Rubber Hydrochloride 

Inasmuch as rubber is highly unsaturated, it is capable of adding hy- 
drogen chloride at the double bonds. This reaction can be carried out in 
several ways. Sheets of rubber can be exposed to the action of hydrogen 
chloride dissolved in liquids like ethyl acetate which swell, but do not 
dissolve the rubber hydrocarbon. Thin sheets of rubber can also be 
exposed to liquefied hydrogen chloride or to gaseous hydrogen chloride 
under pressure. Again, gaseous hydrogen chloride can be passed into 
solutions of rubber in benzene, toluene, chloroform, or other chlorinated 
solvents. In the last instance, carbon tetrachloride is not very satis- 
factory because of the insolubility of hydrogen chloride therein. In all 
cases, the rubber should preferably be milled before reaction and the 
hydrogen chloride, as well as any reaction media employed, should be 
kept dry. In order to minimise molecular breakdown and other secondary 
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reactions, hydrochlorination should be carried out in the cold, preferably 
at temperatures below 6®. Conditions as low as —36® and still lower 
have been used. The product can be isolated by evaporation of the 
solvent, by steam distillation thereof, or by precipitation with 'methanol 
or ligroin. 

Rubber hydrochloride is not truly thermoplastic, inasmuch as it de- 
composes before it melts. Evolution of hydrogen chloride is conspicuous 
at 146® and vigorous at 185®, Depending upon the method of manu- 
facture, particularly the presence of moisture during reaction, decom- 
position may occur at considerably lower temperatures — even as low 
as 40®, Films of rubber hydrochloride tend to become brittle with age, 
but can be stabilized by incorporation therein of various organic and in- 
organic compounds of more or less basic nature, such as magnesium 
oxide, hexamethylene tetramine, triethylene tetramine monostearate, or 
benzyl trimethyl ammonium stearate. Dipentene and pine oil also tend 
to stabilize this resin. 

The formula commonly ascribed to rubber hydrochloride is as follows: 


CHa 


CHs 


CHa 


CHa 


(*3i (!;i 


Although the product is somewhat unstable, like all macromolecular com- 
pounds containing chlorine, the degree of instability, especially towards 
water and alkalies, is very much less than might be expected from a 
substance comprising such a multiplicity of tertiary chloride groups as 
depicted by the above formula. There would, therefore, appear to be 
reasonable doubt as to whether or not this formula actually describes 
rubber hydrochloride. Inasmuch as the rubber hydrocarbon is very 
sensitive to oxygen and inasmuch as Kharasch has shown that Markoni- 
koff’s rule for the addition of hydrogen halides to relatively simple 
olefins is sometimes inverted by the presence of peroxides, it would seem 
plausible that the structure of rubber hydrochloride might be more ac- 
curately represented by the following formula: 


CH, CH, CH, 

CHj--iH-CHa--CHr--CHi--<!H--CHCI--Ca--CH!r-(!3H--CHa— CH, 

Both of the above formulas, however, disregard the possibility of isom- 
erization which most likely proceeds to some extent during hydrohalo- 
genation. The chlorine content of rubber hydrochloride is usually about 
30.5 per cent, as contrasted with the theoretical of 33.9. This fact, to- 
gether with x-ray data, emphasizes the probability of some cyolization. 
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Rubber hydrochloride has a density of 1.16. It is colorless, odorless, 
tasteless, and unaffected by mold and insects. It is soluble in chloroform 
and chlorinated solvents in general, but relatively insoluble in many 
other liquids including alcohol, ether, benzene, and carbon disulfide. It 
is very diflScultly fiammable and is resistant to fatty oils and greases, and 
to dilute aqueous alkalies and acids, except nitric. 

Films of rubber hydrochloride can be cast from solution or calendered 
on heated rolls. Filaments can also be spun by either dry or wet processes, 
in the latter instance with the aid of alcohol, acetone, or other coagulating 
liquid. For wrapping purposes, films should contain from 28 to 31 per 
cent of chlorine. 

Before Pearl Harbor, this resin appeared on the market under the 
trade names “Pliofilm,” “Tensolite,” and “Marbon.” 

“Pliofilm” was produced as a nearly colorless, transparent packaging 
material. It was also available in a variety of colors, both transparent 
and opaque, including metallic finishes. It was manufactured in several 
thicknesses, from one to two atid a half mils, and in several qualities 
depending upon the presence or absence of plasticizer and the amount 
present. Widths were made up to 40 inches. It can be heat-sealed at 
temperatures between 105 and 130° or, by conjoint use of a solvent 
like toluene, at lower temperature, down to 70°. It can also be bonded 
with suitable adhesives and lends itself readily to printing. 

Films of rubber hydrochloride are not only grease-proof, but also 
moisture- and waterproof. They possess good dimensional stability so 
that wrinkling does not occur within the humidity range of 15 to 90 per 
cent. They retain a limited degree of rubber-like qualities. Although 
not as strong as transparent cellulose films, they are more tear-resistant 
and pliable. They can also be stretched to some extent, so as to con- 
form to irregular surfaces which they may envelop. They are not 
readily punctured. They are relatively resistant to low temperatures. 

Prior to Pearl Harbor, films of rubber hydrochloride had gained con- 
siderable favor as decorative and packaging material, in bags for cer- 
tain foodstuffs such as cold meats and pickles, and in such articles as 
raincoats, umbrellas, shower curtains, garment bags, and card table 
covers. For packaging foodstuffs, unplasticized film is preferred; for 
other applications such plasticizers as butyl stearate are used. 

Brushes assembled from strips or monofilaments of rubber hydro- 
chloride acquired utility as whisk brooms because of the static electric 
charge which they acquire upon frictioning, thus attracting dust par- 
ticles. Based upon the same principle, similar brushes have attracted at- 
tention in massaging the body to alleviate pain. 

Rubber hydrochloride films found an important military application 



626 CHEMISTRY OF COMMERCIAL PLASTICS 

during World War II in extensible bags which could be used to en- 
close airplane engines during shipment. 8uch wrapping conformed closely 
to the shape of the engine, was tough, and protected the metal from 
corrosion, thus eliminating the necessity for greasing and degreasing 
operations. 

The x-ray pattern of rubber hydrochloride shows it to be crystalline. 
Stretching or “racking,” as it is called in the rubber industry, is there- 
fore feasible, with consequent orientation of the molecular structures 
attended by increase of tensile strength and greater durability. Stretched 
rubber hydrochloride has been marketed for special applications under 
the trade name “Tensolite.” Prior to the war it had achieved a measure 
of success in the packaging of foodstuffs. 

Another application of rubber hydrochloride which began to develop 
shortly before the Japanese occupation of the Far Eastern rubber grow- 
ing regions was in bonding agents for miscellaneous purposes. “Marbon” 
adhesives were of this general type. 

Chlorinated Rubber 

History. The earliest observation of the action of chlorine on rubber 
was made by the Frenchman, A. F. Fourcroy, in 1791 when he recorded 
the ability of chlorine water to precipitate rubber latex. Almost seventy 
years passed, however, before the nature of chlorinated rubber was 
recognized. 

The first purposeful preparations of this rubber derivative were carried 
out by the Americans, G. A. Engelhard, R. F. H. Havemann, and H. H. 
Day who, in 1859, received the earliest of a number of British and 
American patents on the subject. During the next forty years, a con- 
siderable number of American patents were granted to various investiga- 
tors in this field, while important scientific papers dealing with chlorinated 
rubber appeared in England. Finally, in 1915, the British chemist, S. J. 
Peachey, took out patents for the production of chlorinated rubber in 
solution and the manufacture of this substance under the trade name 
“Duroprene” was begun in England in 1917 by the United Alkali Com- 
pany. “Duroprene” was marketed in the form of solutions and, to a 
limited extent, as a solid also. Its production was continued for a num' 
ber of years until, with the formation of Imperial Chemical Industries, 
a new and improved form was placed on the market imder the name 
“Alloprene.” 

In 1930, German production of chlorinated rubber began under the 
trade name “Tomesit,” a designation which seems to have been derived 
from the town of Tomesch in which the plant of the manufacturer, the 
New York Hamburger Gummi-Waaren Co., was located. Other similar 
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products under various names soon appeared in several countries. Do- 
mestic manufacture of chlorinated rubber on an extensive scale was first 
undertaken by Hercules Powder Co. who also marketed their product 
for a while under the name ‘Tomesit.*’ Upon completion of a full- 
scale plant at Parlin, N. J., the name of this material was changed to 
^Tarlon.” Shortly before Pearl Harbor, manufacture of chlorinated rub- 
ber under the trade name ^^Raolin” was begun by the Firestone Tire and 
Rubber Co. by arrangements with the Raolin Corporation. 

The early history of chlorinated rubber was characterized by con- 
flicting praise and condemnation. With the introduction of improved 
processes of manufacture and methods of formulation, however, this 
semi-synthetic plastic has at length taken its place among the important 
resinous bases for surface Coatings. During World War II, it found many 
highly important and specialized uses which dictated its continued pro- 
duction for essential military purposes, despite the shortage of natural 
rubber. 

Chemistry and Manufacture. The reaction of chlorine with rubber 
results not only in addition of chlorine, but also in substitution. Indeed, 
substitution begins at once, whereas addition does not commence until 
later. The course of chlorination in solution at 60® is shown in Figure 
263. Complete reaction occurs with introduction of approximately eight 
chlorine atoms per Ciq unit of nibber, corresponding to 68.3 per cent 
of chlorine in the finished product. It has been suggested that a unit 
of the fully chlorinated product corresponds to the formula 

CHCl— CCl— CHCI— CHCI-~CHC1— CCI— CHCl—CHCl 

in, in, 

and several hypotheses have been proposed to explain both this formula 
and the relation between substitution and addition during reaction. None 
of these explanations has been proved and none takes into account the 
possibility of cyclization. Powers” however, has recently shown the fol- 
lowing structure for a Cjo u°it of chlorinated rubber: 


a 


CH. a 

i — i 


Cl 
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Figure 263. Course of chlorination of raw natural rubber 
at 60°. (Baxter “) 

Commercial materials contain from 65 to 68 per cent chlorine, averaging 
between seven and eight chlorine atoms per C^o unit. The softening point 
of the product increases with increasing chlorine content, as shown in 
Figure 264. 

Stability of the product increases markedly with increasing chlorine 
content. Chlorinated rubber can be stabilized by incorporation therein 
of various organic or inorganic materials of basic nature. Other types 
of acid-reactive chemicals, such as those containing ethylene oxide rings, 
also stabilize this resin. Propylene oxide, for example, is used to some 
extent to preserve its solutions. In general, however, satisfactory sta- 
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bility can be effected by careful control of chlorination conditions so that 
addition of antichlors which may cause discoloration does not correspond 
with usual industrial practice. 

Numerous modifications of procedure can be used in the chlorinating 
process. Rubber latex can be treated with chlorine or sheet rubber can 
be chlorinated directly by either liquid or gaseous chlorine. Products 
from these reactions, however, are relatively insoluble in common sol- 
vents. In commercial practice, rubber is first dissolved in an appropriate 
solvent, preferably carbon tetrachloride. Chlorination is usually carried 



Figure 264. Relation between softening point and chlorine content of chlo- 
rinated rubber. (JVtefse»“) 

out in 4-5 per cent solution in glass-lined or lead-lined equipment. In 
the manufacture of "Parlon,” hydrogen chloride from the reaction is re- 
moved in a tantalum absorber. Upon completion of the chlorination, the 
carbon tetrachloride solution is pumped into brick-lined precipitating 
tanks filled with hot water from which the solvent is distilled and the 
product is obtained as a granular precipitate which is washed with water, 
centrifuged, and dried. Among the factors determining stability of the 
resin are rate and temperature of chlorination. Industrial practice 
prefers temperatures near the boiling point of the solution. Low tem- 
perature chlorination yields unstable products. Careful control of tem- 
peratures and pressures is maintained throughout reaction which re- 
quires several hours. 

Chlorinated rubber is produced in a number of different viscosities, 
depending upon the application for which it is intended. Viscosities 
available commercially, determined on a 20 per cent toluene solution at 
25* in a capillary tube viscometer^ are 5, 10, 20, 125, 1000 and 5000 
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centipoises. The control of viscosity is exercised primarily by reduction 
in the molecular weight of the rubber hydrocarbon prior to chlorination. 
This operation is accomplished by cold mastication of the solid rubber 
or, if desired, by mastication of rubber swollen with carbon tetrachloride. 
Still lower viscosities are obtainable by exposing solutions of milled 
rubber to elevated temperatures or to ultraviolet light, or by treating 
the solutions with such catalysts as copper stearate. Chlorination itself 
reduces the viscosity of the solution, while still further reduction may be 
brought about by passing the solution of chlorinated rubber through 
a colloid mill, or by exposing it to either ultraviolet light or an oxygen- 
containing gas in the presence of dissolved chlorine. 

The resinous and proteinaceous content of natural rubber is a source 
of color in the finished product. It has also been maintained that these 
substances reduce the stability of this plastic. To eliminate them, the 
chlorinated rubber may be precipitated from solution by alcohol, or de- 
proteinized rubber may be used as the initial material. 

Properties and Uses. The properties of chlorinated rubber which are 
of the greatest importance are those which bear upon its principal use 
as a resinous base in the formulation of protective coatings. Unplasti- 
cized films of chlorinated rubber are too brittle to be of service and lack 
sufficient adhesion, but where suitably plasticized or combined with other 
resins, especially alkyds, it serves as an invaluable component of corro- 
sion resistant finishes. 

Unplasticized films tend to become somewhat brown upon exposure 
to ultraviolet light. It has been found that those plasticizers which 
very selectively absorb wave lengths approaching 2900 A from the direc- 
tion of 3100 A exercise a stabilizing influence on chlorinated rubber films. 
Table 136 shows the relative discoloration under a carbon arc, cor- 
responding to a hot June and July, of nineteen of the best plasticizers 
selected from a group of fifty tested by J. P. Baxter. 

Chlorinated rubber is considerably more soluble than rubber hydro- 
chloride. It is also much more soluble than cither polyvinyl chloride or 
polyvinylidene chloride. Its unique solubility characteristics among 
highly chlorinated resins have developed for it an esteemed place in the 
formulation of corrosion-resistant paints. In general, aromatic hydro- 
carbons and many chlorinated hydrocarbons dissolve it. It is also soluble 
in esters and the higher ketones. Lower ketones swell, but do not dissolve 
it. It is dissolved by such miscellaneous solvents as nitrobenzene, the 
nitroparaffins, pyridine, and drying oils. It is insoluble in aliphatic hydro- 
carbons, aliphatic alcohols, ethylene glycol, glycerol, and turpentine. It is 
compatible with many oil-modified alkyd resins, coumarone-indene resins, 
certain modified phenolics, chlorinated biphenyls, chlorinated naphtha- 
lene, ester gum, and many natural resins. It is incompatible with polysty- 
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Table 136. Color Stability of Plasticized Cfaloriiiated RubbM Films ' 


PlMtioiser 

Relative 
iliacolctration 
of film con- 

ill 

Relative 
volatility of 
plasticizer 

Boiling 

range 

0 /n 


taining 23% 


at 70® 


Dimethyl phthalate 

27 

1.8 

90 

282-286 

Diethyl phthalate 

32 

1.8 

73 

290-300 

Butyl stearate 

34 

0.9 

16 

355-368 

Dibutyl phthalate 

36 

2.3 

20 

325 

Isobutyl phthalate 

46 

1.9 

35 

305-315 

Diamyl phthalate 

46 

2.5 

7 

336-342 

Diamyl oxalate 

50 

1.1 

— 

265 

Amyl benzoate 

53 

1.0 



261 

Benzyl benzoate 

67 

1.3 

97 

323 

No plasticizer 

70 

— 





Triacetin 

71 

0.3 

700 

258 

Butyl oleate 

Acetophenone 

76 

0.5 

30 

356-370 

(decomp.) 

79 

0.6 

— 

200-202 

Ethylene glycol monoethyl ether 

81 

0.0 

— 

128-137 

Dimethylcyclohexanol oxalate 

101 

0.6 

— 

— 

Amyl tartrate 

104 

0.2 

— 

400 

Chlorinated biphenyl 

104 

0.3 

— 

360-380 

Triethyl citrate 

109 

0.4 

57 

— 

Amyl lactate 

117 

0.4 



210 

Tricresyl phosphate 

263 

0.6 

1 

430-440 


rene, the vinyl resins, and cellulose derivatives. Chlorinated rubber has 
found extensive application in conjunction with drying oils and modified 
alkyds, upon which it confers improved acid and alkali resistance, toughens 
films, and speeds drying time. The greatest use of this resin in recent 
years has been in combination with these resins. 

Any of the common pigments can be used in chlorinated rubber finishes 
with the exception of most metallic powders which cause ultimate de- 
composition of the film, although aluminum powders have been used with 
very good results. Incorporation of pigments in chlorinated rubber solu- 
tions is assisted by such wetting agents as zinc naphthenate. 

The tensile strength of unplasticized chlorinated rubber films averages 
from 6000 to 7000 Ibs/sq in. Plasticization results in marked decrease 
of strength. Dibutyl phthalate, where added to the extent of 21 per cent 
of the weight of the finished film, yields strengths of about 3000 Ibs/sq in, 
while slight increases of plasticizer above this proportion cause a further 
sudden decrease in strength ; 23 per cent, for example, yields films which 
are soft, sticky, and show tensiles in the order of only 1600 Ibs/sq in. 

The resistance of chlorinated rubber to acids and alkalies has been 
shown in a striking manner by J. P. Baxter who determined tensile 
strength of unplasticized films Itefore and after exposure to various re- 
agents. His results are given in Table 137. Where plasticized films are 
required to possess excellent chemical resistance, non-reactive plasticizers, 
such as chlorinated biphenyl, should be used. 
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Table 137. Chemical Resistance of Unplasticized Films of Chlorinated Rubber* 


Xteagent 

Streogth 

Duration 
of Test 

Change in 
Weight 

Tensile Strength 
lb8/in> 

Before After 

NaOH 

100 g /1 

168 hr 

nil 

5800 

5900 


300 g/1 

168 “ 

nil 

5800 

5800 


600 g /1 

168 

nil 

5800 

6000 

NH 4 OH 

0.880 

168 

nil 

5400 

6000 

HNO* 

cono. 

168 “ 

+ 2.3% 

5400 

5900 

HCl 

cone. 

168 

nil 

6500 

5200 

NaaO 

6 % Av. Cl* 

48 “ 

nil 

5500 

4700 


15% Av. Cl* 

48 ‘‘ 

nil 

5500 

4400 

NaCl 

10 % 

48 ** 

nil 

5500 

5500 


saturated 

48 

nil 

5500 

5200 

Acetic acid 

glacial 

168 “ 

+ 3.0% 

5400 

4000 

Formic acid 

cone. 

168 

+ 3.3% 

5400 

4700 

Petrol ether 

— 

168 

nil 

5700 

4600 

Water 

— 

48 ** 

nil 

5700 

4900 

NaOH 

100 g /1 

48 “ 

nil 

6500 

4900 


300 g/1 

48 “ 

nil 

6500 

4600 


600 g /1 

48 “ 

nil 

6500 

5500 

Petrol ether 

— 

48 “ 

nil 

5600 

2500 

HCl 

10 % 

48 

nil 

5500 

5300 


cone. 

48 

nil 

5600 

3700 

NaClO 

5% Av. Cl* 

48 ‘‘ 

nil 

4800 

4100 


15% Av. Cl* 

48 ** 

nil 

4800 

3200 

NaCl 

10 % 

48 ** 

nil 

4800 

4600 


saturated 

48 

nil 

4800 

4500 


Properties of ^Tarlon^^ compiled from the manufacturer's literature 
are given in Table 138. 

In this country, chlorinated rubber has been used exclusively as a 
component of various types of surface finishes. Limited application has 
been made abroad in thermoplastic molding compositions, spun wool, 
and expanded porous material for heat insulation. 

For surface coatings, it is recommended (1) as the major ingredient, 
(2) in amounts up to 25 per cent as an addition agent to long oil-modified 
alkyds, and (3) in minor amounts of five to ten per cent in compatible 
finishes to improve properties and cut drying time. 

It is used to protect chemical plant equipment, as a basis for concrete, 
masonry, plaster, stucco, and asbestos-cement board paints, to finish 
swimming pools, and for numerous other corrosion-resistant applications. 
In pigmented paints it was widely used in the 1939 New York World^s 
Fair on exterior surfaces. Other applications of chlorinated rubber are 
made in alkali-resistant printing inks for such uses as soap wrappers, in 
adhesives, and in textile coatings. This resin is used to some extent in 
the bonding of rubber and synthetic rubbers to metal. It is said that one 
formulation of “Ty-Ply,” a bonding agent for rubber-to-steel joints, com- 
prises a mixture of chlorinated rubber and sulfur which establishes a 
strong union upon application of beat. 
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Table 138. Properties of “Parlon” * 

White granular powder, producing almost white films. It is odorless, tasteless, non- 
toxic, non-flammable, non-combustible, stable to dry heat up to 125*’ and moist heat up 
to 60-60®. It decomposes at 136-160®. 


Specific Gravity 

1.64 

Bulking Value 

0.0736 gal/lb 

Moisture Content 

Less than 0.6% 

Moisture Vapor Permeability 


(g/cm*/0.01 cm/hr at 21®) 

0.2 X 10-* 

Tensile Strength 

4200-6600 Ib/sq in 

Elongation 

3-4% 

Modulus of Elasticity 

1.47 X 10® Ib/sq in 

Film Hardness 


(Sward Hardness Index) 

90% of glass 

Index of Refraction 

1.554 

Dielectric Strength 

2300 v/mil 

Dielectric Constant 


(1000 cycles— 26°) 

3.1 

Power Factor 


(1000 cycles— 25®) 

0.0015-0.0030 

Specific Surface Resistivity 


(ohms X 10”^°) 

2000 

Water Absorption 


(24 hrs — ^80% r.h.) 

0.27% 


* Compiled from various literature of Hercules Powder Company. 


Table 139. Properties of Chlorinated GR-S * 


Chlorine content 63% 

Viscosity (20% solution toluene) 0.60-20.0 poises 

Solubility Aromatic hydrocarbons, chlorinated hydrocarbons, 

ketones, esters of organic acids. 

Compatibility (6 % or more) Paraffin, chlorinated parafiins, tricresylphosphate, 

dibutyl phthalate, isobutyl linoleate. 

Stability Equal to chlorinated natural rubber. 

Softening point 76-86® 


Moisture vapor transmission on glassine: 


Coaling Weight 
Ibs/ream 
3.3 
6.6 
10.6 
Flexibility 
Specific gravity 
Adhesion 
Tensile strength 
Elongation 


M.V,T. 

gms/sq m/24 hrs 
114.7 
70.4 
49.9 

Greater than chlorinated natural rubber 
1.36-1.39 

Equal to chlorinated natural rubber 
6100 Ibs/sq in 

18.7% 


Military uses of chlorinated rubber include sparkproof surface coat- 
ings for ordnance plants, flame-proofing compositions for tents and tar- 
paulins, adhesives for bonding rubber to metal, finishes for Army trucks. 
Navy paints, foundry core sprays, and tracer shells. 
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Since Pearl Harbor, much investigation has been made of the pos- 
sibility of developing chlorinated derivatives of synthetic butadiene rub- 
bers. Several materials of this type have appeared on the market to a 
limited extent. Numerous polymers have been studied from the point 
of view of chlorination. GR-S, for example, gives a chlorinated material 
having the characteristics listed in Table 139. 

Polymerized isoprene is favored as a basic material for current chlor- 
inated derivatives of this character. “Pliochlor,” for example, produced 
from polyisoprene in experimental quantities by Goodyear exhibits the 
properties listed in Table 140. 


Table 140. Properties of “Pliochlor'* * 

Color: White to cream 
Chlorine content: 60-70% 

Softening point: 94-108® 

Thermal stability at 120® 

Without stabilizer: 18 minutes 
A widely used chlorinated natural rubber: 3 minutes 
Light stability 

Weatherometer test: good 
Specific gravity : 1 . 48 
Iodine number: 0.24-0.53 
Viscosity range 

20% solution in toluene: 10-150 cps. 

Solubility: 


Soluble in: 
benzene 
toluene 
xylene 

“Solvesso** #1 
methyl ethyl ketone 
Insdubie in: 
methanol 
ethanol 
Compatibility: 

Compatible up to 50% or more with — 
chlorinated biphenyls 
dibutyl tartrate 
linseed oil 
tricresyl phosphate 
cumarone-indene resins 
diamyl naphthalene 
chlortnated paraffin 
k triacetm 

dibutyi phthalate 
Film-forming qualities: 

Gives clear ffims from solution. 


ethyl acetate 
chloroform 
carbon tetrachloride 
chlorobenzene 
ethylene dichloride 

isobutyl alcohol 
aliphatic hydrocarbons 


* Manufacturers’ data. The Goodyear Tire & Rubber Co., Inc. 

Chlormated ntbbv hy<iroeli:k»ide ha» been prodneed devetopmeatally, 
but does Doi ^gpesr to have received much ccanmercial recognition. 
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Oxidized Rubber 

The oxidation of rubber is nominally one of its most serious weak- 
nesses, Some work has been done, however, upon. the production of semi- 
synthetic plastics by controlled oxidation. Most promising of such 
materials are the so-called “Rubbones,” made by the action of air upon 
rubber containing cobalt linoleate in amounts of about 0.5 per cent. 
Oxidation can be carried out either by milling or by passage of air into 
a rubber solution. The products have been found suitable for paints and 
insulating varnishes and appear to be thermosetting in character. Com- 
mercial development of these materials, both in England where they were 
first developed and elsewhere, has lagged. 
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Chapter 22 

Cellulose Plastics 

Cellulose 

Introduction. Cellulose occupies a position of extreme importance in 
science and industry, as well as in life itself. Almost always associated 
with lignin and other substances, it is universally present in more or 
less fibrous form throughout the vegetable kingdom. Even coal de- 
posits of the mineral world are attributable, in part, to cellulose from 
plants of distant ages, long buried in the soil. 

Wood, for centuries used as fuel and as a material of construction, is 
largely cellulosic in nature. Among building materials it possesses the 
unique distinction of being perennially capable of renewal by wise culti- 
vation along sound conservational lines. Striking developments in mod- 
em methods of treating wood have increased its versatility and utility 
for structural purposes far beyond the limits imposed by simple Wood- 
working technique. Resin-bonded pl3rwood, resin-impregnated high- 
strength paper laminates, compregnated wood, and moldable products 
developed by impregnation of wood with urea or urea-formaldehyde 
condensation products are typical examples of the increased utility of 
this natural product. 

In paper of all sorts, wood and other natural cellulosic fibers have 
found utility for many centuries. Innumerable paper-making processes 
and special paper products contribute enormously to the necessities and 
luxuries of modem living. The wisdom of centuries, records of govern- 
ment, art of masters, documents of business, letters of lovers — all these 
thinp owe their preservation to the cellulosic matter upon which they 
are inscribed. And goods of all kinds are packed and shipped in board 
containers and paper cartons. 

Molded wood pulp, sometimes combined with glue and other materials 
like clay or chalk, is fabricated into papier-ml,ch6. Long known in the 
Orient, it was introduced into Europe during the 18th Century and is 
among the earliest of shaped organic plastics. It has retained a position 
of preeminence in the manufacture of myriad articles such as toys, paper 
pie plates, milliners’ blocks, mirror and picture frames, and objets d’art 

Vulcanized fiber, another wood derivative, is widely used in shipping 
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drums and waste baskets, in electrical insulation, and in molded articles 
varying from prosaic faucet packings to artistic imitations of wood 
carvings applied as furniture decoration. 

Rope made from cellulose in the form of hemp and sisal is indis- 
pensable to farming, shipping, and industry, and to a host of other fields 
of daily enterprise. 

Cotton, king of crops, clothes mankind. 

Flax yields fine linens, highly prized. 

Bagasse, cornstalks, wheat straw, and even extracted licorice root, 
all high in cellulose, are made into light-weight insulation board and 
tile, such as “Celotex,” “Maizewood,” and “Maftex.” 

Cellulosic materials in various forms are indispensable fillers for many 
molded plastic products. 

By chemical metamorphoses, cellulose is fabricated into a wide variety 
of vastly different articles now commonplace in daily life — from cello- 
phane to rayon, from “Celluloid” to guncotton, from automobile lacquers 
to imitation leather. Even the field of surgery has been invaded by 
chemical derivatives of cellulose, for a newly developed form of oxidized 
cotton can be absorbed by the body and, soaked in thrombin, has been 
successfully used to stop bleeding during operations on the brain — 
subsequent removal being unnecessary. 

It is beyond the scope of this volume to discuss most of these mani- 
fold materials. Only chemical modifications of cellulose will be men- 
tioned in this chapter. Even treatment of this subject must be highly 
inadequate, for in no other field of the science and technology of plas- 
tics is the literature more replete with treatises and voluminous publica- 
tions. 

The Chemical Nature of Cellulose. Cellulose is a carbohydrate cor- 
responding to the general empirical formula [CgfHaOlg],. The value 
of X (the degree of polymerization) varies, depending upon the botani- 
cal source of the cellulose. Moreover, estimates of x for cellulose of any 
given origin differ widely from one observer to another, reported molec- 
ular weights ranging from 25,000 to 570,000. 

Staudinger and his collaborators have obtained values shown in 
Table 141 for the degree of polymeri»ation of various forms of cellulose. 

The degree of polymerization of cellulose and its derivatives has, for 
many years, been a bone of contention among chemists. The development 
of ultracentrifugal methods of analysis seems finally to have set the 
stamp of approval upon judicious use of visoometric methods of molecular 
weight determination. The extent of a^^ent now achieved between 
eminent authorities concerning the degree of polymerization of cellulosic 
substances is' indicated in Table 142. 
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Table 141, Degree of Po) 3 rmerisation of Various Forms of Natural Cellulose ***** 


Mftterial 

D. P. 

Native cotton 

2020 

Cotton linters 

1440 

Ramie 

2660 

Baden fiax 

2420 

Belgian fiax 

2390 

Italian hemp 

2300 

Nettle 

2280 

Baden hemp 

2200 

German hemp 

2200 

Papyrus 

2000 

Manila 

1990 

Jute 

1920 

Willow (purified) 

1710 


Table 142. Extent of Agreement Between Various 
Investigators on the Degree of Polymerization of Cellulose Products 



Degree of 
Polymerieati on 
according to 

Degree of Pol^erieation 
according to Kraemer 

Material 

(Viacometrio) 

Sedimentation 

Equilibrium 

Native cellulose 

Staudinger »• 
(Vieoometric) 

2000-3000 

3500 

(Ultracentrifuge) 

Cotton linters, purified 

700-1400 

1000-3000 

890-1300 

Wood pulp, purified 

900-1500 

600-1000 

— 

Regenerated cellulose, conunercial 

250-500 

200-600 

400-490 

Dynamite nitrocellulose 

1000-3000 

3000-3600 

— 

Lacquer^type nitrocellulose 

300-600 

176-600 

390-600 

CelliUose acetate, commercial 

200-360 

175-360 

190-380 

Ethyl cellulose, commercial 

200-600 

— 

540 



Figure 266. Relation of the degree of polymerisatiou of cellulose to its 
viscosity in 1 per cent solution in cuprammonium hydroxide and to certain 
pbyfijqal proposes as determined on cotton fibers. (Staudinger^) 
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As the degree of polymerization of cellulose increases, its physical 
properties asymptotically approach maximum values. This fact is shown 
in Figure 265. 

The same sort of trend is shown by cellulose derivatives, although the 
shape and location of the curves is not the same as with cellulose itself. 
This fact is of practical significance, for nearly optimum strength char- 
acteristics can be obtained in cellulosic derivatives whose degree of poly- 
merization is sufficiently low to yield solutions of moderate viscosity so 
that they can be readily handled. 

The constitution of cellulose remained an enigma for many years. 
Numerous formulas were proposed. None was altogether satisfactory. 
Although a multitude of researches aided in its elucidation, the greatest 
contribution to the solution of this knotty problem was made by the 
English chemist, Haworth, and his school. 

Upon complete hydrolysis, cellulose yields glucose. Under special 
hydrolytic conditions, cellobiose, 



a disaccharide of /?-glucosc, 



is obtained. 


Cellulose is therefore considered to be a long, linear polymer of yS-glucose 
in which the rings are united as in cellobiose ; it is now represented by the 
following structural formula: 
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Y is equal to - — 1, where x is the degree of polymerization of the 
glucose units. 

Cellulose is capable of undergoing many chemical reactions, only a 
few of which will be mentioned here. Of particular interest to plastics 
technology is the fact that its hydroxyl groups are alcoholic in nature 
and can therefore be esterified or etherified. Its esters, in turn, can be 
hydrolyzed, thus regenerating cellulose. In carrying out these various re- 
actions, a certain amount of depolymerization is usually encountered, its 
extent depending upon the nature of the reagents and the reaction con- 
ditions. Molecular degradation may be excessive if care is not exercised. 
Although cellulose itself chars and decomposes without melting, most of 
its derivatives, because of their linear character, soften sufficiently be- 
low their decomposition points to permit molding by various methods. 
They are thermoplastic in character. Plasticizers are usually incor- 
porated with these resins to facilitate molding or film formation and to 
improve their properties. 

Alginic acid and deacetylated chitin probably possess formulas 
similar to that given above for cellulose. In alginic acid, the — CHgOH 
groups are replaced by carboxyl radicals. In deacetylated chitin, the 
amino group replaces the hydroxyl in position 2, i,e,, on the carbon atom 
adjacent to the pseudo-aldehydic group of the glucose units. 

The Physical Structure of Cellulosic Fibers. The absolute specific 
gravity of cellulose is 1.50 to 1.55. Its apparent specific gravity is 
usually much less and is subject to wide variation, according to origin. 
Cellulose is anisotropic, exhibiting double refraction. Its index in the 
direction of the fiber is 1.599; that perpendicular to the fiber is reported 
as 1.532. 

The arrangement of the molecules within cellulosic fibers has been 
the subject of a vast amount of research in which x-ray data have 
played a vital role. It is now generally held that cellulose is built up 
of bundles of long molecules, held together in more or less parallel align- 
ment by inter-molecular seconda^ valence forces which exist largely 
because of the highly polar hydroxyl groups present in considerable 
number. 

Two parallel molecules held together by secondary valence forces have 
been likened to a closed zipper. Bundles of cellulose molecules might, 
perhaps, be compared to a handful of parallelly aligned and slightly 
moistened spaghetti in which the adhesion between the sticky surfaces 
would represent the secondary cohesive, forces between molecules. These 
simple mechanical analogies are, to be sure, crude, but they express the 
general idea of elongated submicroscopic structures of more or less crystal- 
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line character resulting from the parallel orientation of long cellulose 
molecules. The crystallites are called micelles. 

The concept of the micellar theory and the term micelle, itself, were 
both proposed in 1858 by a botanist, C. von Nageli, to explain the aniso- 
tropic behavior of cellulose long before anything was known of its chemi- 
cal structure. Lacking experimental verification, interest in this theory 
waxed and waned by periods until x-ray examinations showed its funda- 
mental tenets to be sound. The lower dimensional limits of these 
micelles appear to be 60 to 70 Angstroms in width and 600 in length. 
(One Angstrom unit is 10"® cm.) If the molecular weight of native cellu- 
lose falls in the order of magnitude of 300,000, corresponding to a degree 
of polymerization of about 2000, then the chain length of a single mole- 
cule is approximately 10,000 Angstrom units, which is several times the 
minimum micelle length just given. Hence, an individual molecule may 
traverse a number of micelles. Some of the molecules will terminate 
within these micelles, while others will begin therein, resulting in an in- 
terlocking of the molecular structures by means of submicroscopic 
crystallites in such a way that a single filament will more or less re- 
semble a parallel assemblage of unbroken linear molecules running 
throughout its entire length. 

In hemp and ramie, the micelles appear to be oriented parallel to the 
fiber axis. In cotton they are turned spirally around it; in wood pulp 
they are parallel to it at the center, but deviate to an almost perpendicu- 
lar position near the surface. In regenerated cellulose, the micelles are 
not appreciably oriented with respect to each other; hence the strength 
of rayon is much lower than that of native cellulose unless mechanical 
work, such as stretching, is performed in order to bring about some 
degree of continuous molecular alignment. 

The tensile strength of various forms of cellulose increases with the 
degree of orientation of the micelles, as shown in Table 143. 


Table 143. Tensile Strength of Various Forms of Cellulose ** 


Material 


Tensile Strensth 
(lbs per sq in) 

Dry Wet 


Ramie 

Flax 

Cotton 

Highly oriented viscose 
Viscose 


132.000 

119.000 

33.000- 114,000 
87,000 

26.000- 66,000 


153.000 

125.000 

34.000- 118,000 
75,000 

12.000- 27,000 


Vulcanized Fiber 

A special form of chemically treated cellulose has been manufactured 
for many years under the name vulcanized fiber. It is made from ab- 
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sorbent paper containing a high alpha>cellulose content, preferably de- 
rived from rags. Paper is soaked in a solution of sine chloride, an 
intramioellar swelling agent, and the gelatinous, swollen sheets are then 
pressed and physically welded together into a compact whole. The 
product is subsequently washed for a long time, the sine chloride be- 
ing removed by osmosis. The washed material is then dried while sub- 
jected to elevated pressure. 

Vulcanized fiber is available in sheets, rods, tubes, and special forms 
and is produced in standard red, black, and gray colors. Other shades 
are available upon demand. It can be easily machined and can be shaped 
in hydraulic presses or standard sheet-metal forming machines. Prior 
to more complicated shaping operations it should be moistened with 
water to soften it. 

As would be expected from its cellulosic nature, it absorbs large 
amounts of water upon aqueous immersion. Physical properties of a 
representative commercial product are listed in Table 144. 

Table 144. Physical Properties of Spaulding” Vulcanized Fiber Sheets ** 

(H inch tUckness) 


Density 

Tensile strength, min. 
Crosswise 
Lengthwise 

Compressive strength, min. 
Flatwise 

Water absorption, max. 

2 hrs 
24 hrs 

Hardness, Brinell 
Dielectric strength, min. 
Zinc chloride content, max. 
Ash content 


1.16 

6.000 Ibs/sq in 

8.000 Ibs/sq in 

20.000 Ibs/sq in 


56% 


66 % 


10-16 

160 volts/mil 
0 . 2 % 

3% (red only: 7%) 


Based on N.E.M.A. Standards and A.S.T.M. Specification D-710. 

Standards have been set by the National Electrical Manufacturers 
Association for minimum strength and electrical properties and maximum 
water absorption. Permissible zinc chloride content is 0.2 per cent or less. 

Vulcanized fiber is available under many trade names, including 
“Armite,” “Diamond” Fiber, “Fyberoid,” “National” Fiber, “Peerless” 
Fiber, “Spaulding” Fiber, “Taylor” Fiber, “Vulcoid,” and “Vulcot.” 

Vulcanized fiber is widely uzed as an electrical insulating material 
where water resistance is not required. Its mechanical properties adapt 
it to use in shipping containers, waste paper baskets and roving cans, 
light weight fioor trucks, bobbin heads, gaskets, trunks, suitcases, in- 
dustrial shields, abrasive disc backing, and numerous other industrial, 
and consumer goods. 
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Cellulose Nitrate 

History. The various milestones in the development of cellulose nitrate 
have been delineated in Chapter 2. The very considerable contribution 
made by this material to the plastics industry in general is there dwelt 
upon. “Celluloid/’ the first semi-synthetic plastic save vulcanized rub- 
ber, has been affectionately dubbed “The grand-daddy of ’em alll” 
Nitrocellulose has seen pioneer service in explosives, photographic film, 
molded plastics, artificial silk, artificial leather, leather and airplane 
dopes, lacquers, and safety glass. It has often opened virgin fields 
which other more stable plastics have ultimately usurped. But even 
though it has been continually pushed around by new-comers, it re- 
mains a time-honored and useful product which is still manufactured 
in large amounts today. 

Chemistry of Cellulose Nitrate. The hydroxyl groups of the cellulose 
molecule can be esterified by nitric acid. The product, cellulose nitrate, 
is commonly but inaccurately called nitrocellulose. Sulfuric acid is 
used to facilitate reaction, probably because of its dehydrating effect. 
Complete nitration would lead to the triester in which all three hydroxyl 
groups of each glucose unit were converted. The nitrogen content of 
such a product would be 14.2, This completely nitrated ester, however, 
is unstable and is not manufactured commercially. Lower degrees of 
nitration are attained in which the nitro groups are distributed through- 
out the molecular structure of the cellulose, presumably according to 
the law of averages. Commercial products contain from 10.7 to 13.1 per 
cent nitrogen, their utility varying with the degree of nitration. A 
nitrogen content of 11.1 per cent corresponds to the dinitrate, i.e., two 
nitrate groups per glucose unit. 

The extent of nitration is largely a function of the amount of water 
present in the mixed acid. Table 145 shows this relationship where the 
weight ratio of sulfuric to nitric acid is held constant. 

By plotting nitric acid, sulfuric acid, and water contents of the mixed 
acid on triangular coordinates, it is possible to define the area within 
which cellulose nitrate of a given nitrogen content will be produced. 
Such a diagram has been constructed by C. Trogus and is shown in 
Figure 266. The dotted area in this illustration represents the propor- 
tions of reactants which give rise to an unstable, readily hydrolyzable 
oxonium compound corresponding to the formula • HNOg)^. 

This substance, known after its discoverer as Knecht’s compound, is not 
a true nitrate^ but rather an addition product and its formation is 
avoided in commercial practice. 

By fractional precipitation, of solutions of industrial preparations of 
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Table 145. Influence of Water Content of Mixed Acid upon the Degree of 
Nitration of Cellulose** 


Nitration Mixture 
HaSOi HNOi 

(%) (%) 

HaO 

(%) 

Nitrate 
groups per 
gluooae 
unit 

Nitrogen 

content 

(%) 

Solubility of 
product in ether- 
alcohol 
(% dissolved) 

45.31 

49.07 

5.62 

2.8 

13.65 

1.50 

42.61 

46.01 

11.38 

2.7 

13.21 

5.40 

41.03 

44.45 

14.52 

2.5 

12.76 

22.00 

40.66 

43.85 

15.49 

2.4 

12.58 

60.00 

40.14 

43.25 

16.61 

2.4 

12.31 

99.14 

39.45 

42.73 

17.82 

2.3 

12.05 

99.84 

38.95 

42.15 

18.90 

2.2 

11.59 

100.00 

38.43 

41.31 

20.26 

2.0 

10.93 

99.82 

37.20 

40.30 

22.50 

1.7 

9.76 

74.22 

36.72 

39.78 

23.50 

1.5 

9.31 

1.15 

35.87 

38.83 

25.30 

1.3 

8.40 

0.61 

34.41 

37.17 

28.42 

1.0 

6.50 

1.73 


cellulose nitrate in acetone by means of heptane, it has been found pos- 
sible to split them into many portions differing from each other in mo- 
lecular weight — ^the least soluble possessing the highest degree of poly- 
merization. Films prepared from any given fraction thus obtained resist 
repeated flexing better than unfractionated material of the same viscos- 
ity which, in turn, is superior to an equiviscous blend of high- and low- 
viscosity fractions. The improvement in properties attained by such 
fractionation is relatively slight, however, so that the minor advantages 
achieved do not justify its cost as an industrial procedure. 

Molecular degradation occurs during nitration. By holding the tem- 
perature at 0® and prolonging the operation accordingly, however, it is 
possible to minimize molecular breakdown in this reaction better than 
in any other that cellulose undergoes. Further reduction in molecular 
weight of nitrocellulose can be brought about by heating with water 
under pressure after nitration is completed. 

Manufacture of Cellulose Nitrate. Cotton linters are commonly used 
for nitration. Alpha-cellulose derived from purified wood pulp was 
also used in the manufacture of a certain amount of nitrocellulose during 
World War I. Recent developments have resulted in nitration of con- 
siderable quantities of high-grade bleached sulfite pulp. 

Mechanical impurities are removed from cotton linters by digesting 
them for some six hours under pressure at about 160®, with sodium 
hydroxide of about 2 per cent concentration. Oil and mechanical im- 
purities are thus removed. The alkali is then washed out and, for color- 
less grades of nitrocellulose, the linters are treated with a 2-^ per cent 
solution of bleaching powder at about 35®. Excess bleach is removed by 
sulfuric acid. The purified linters are washed, mechanically fluffed, and 
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dried to less than 1 per cent moisture content. Treatments with both 
alkali and bleach must be carefully controlled, depending upon the 
type of cellulose nitrate ultimately desired. Excessively vigorous con- 
ditions lead to formation of hydrocelluloses and oxycelluloses which are 
particularly undesirable in the manufacture of nitrocellulose for ex- 
plosives inasmuch as their nitration products tend to decompose on 
standing. Sometimes, however, the cellulose is purposely degraded to 
some extent during these purification operations in order to reduce its 
viscosity where the final nitrated product is destined for lacquer use. 



Figure 266. Triaxial diagram showing the nitration of cellulose 
by mixed acid. The dotted area indicates the field within which 
Knecht’s compound is formed. The cross-hatched zone shows the 
area within which marked swelling of cellulosic fibers occurs. 
(Trogus^) 


The longer the various treatments and the higher the temperatures em- 
ployed, the greater is the molecular breakdown. Occasionally recourse is 
had to digestion with sulfuric acid prior to nitration in order to lower 
the viscosity of the nitrocellulose subsequently produced. 

Several different methods of nitration have been used industrially in 
this country and abroad. The pot, centrifugal, and Thomson displace- 
ment processes have been largely abandoned however, so that at the 
present time the so-called mechanical-dipper method is employed almost 
exclusively. Reaction is conducted in iron or stainless steel nitrators 
provided with two vertical, revolving paddles which operate against 
each other at a speed of about 60 rpm. The requisite amount of mixed 
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acid is run in and the paddles are started. The purified and dried 
cotton is then dumped in and quickly pulled beneath the surface by 
the arms of the agitators. Typical batches require from 32 to 40 pounds 
of purified linters. Somewhat larger amounts are now used in certain 
plants, but at best, only small batches can be nitrated at a time because 
of the difiBculty of controlling the reaction. Approximately fifty times 
as much mixed acid, by weight, is employed. This large excess of acid 
is used in order to minimize the effects of changing concentration caused 
by removal of nitric acid and liberation of water during reaction. Where 
the approximate composition of the mixed acid corresponds to 25 per 
cent nitric acid, 56 per cent sulfuric acid, and the balance water, a 
product containing about 11.5 per cent nitrogen is obtained. If sul- 
furic and nitric acids are mixed in the ratio of 3:1, the nitrogen content 
of the product can be varied from 13.1 to 11.0 per cent by increasing the 
water from 7 to 20 per cent of the total. The temperature is usually 
held between 15 and 20®, although it may be raised as high as 55°. Re- 
action times range from 20 minutes to 1 hour. 

When nitration is completed, the charge is dropped to a centrifuge 
on a lower floor where the spent acid is removed after whirling. Ex- 
posure of the wrung product to the atmosphere at this point occasionally 
results in fires. Spent acid is recirculated after fortification, while the 
nitrated cotton is forked loose from the centrifugals and immersed in a 
bowl filled with cold water. It is then washed to remove most of the acid 
and transferred to boiling tubs where unstable cellulose compounds, 
especially mixed nitrate-sulfates, are decomposed by means of live steam. 
Additional washes with water, alkaline solutions (especially aqueous 
sodium carbonate), and water are subsequently given the product to free 
it from all impurities. These operations are often referred to as stabiliza- 
tion. A bleaching operation is sometimes introduced before the final 
wash. Blending of different batches of cellulose nitrate is practiced in 
order to assure product uniformity. 

The molecular weight of the nitrocellulose obtained by this series of 
operations is relatively high — from 70,000 to 150,000. The viscosity of 
its solutions is correspondingly high and therefore precludes its use in 
the dissolved state from all except specialty applications, although 
smokeless powder is manufactured from these straight nitration types. 

For many years, the general utility of nitrocellulose in lacquers was 
limited by the high viscosity of its solutions. During the second decade 
of this century, methods were developed for reducing its molecular 
weight, resulting in consequent decrease- in viscosity of its solutions. For 
the production of low-viscosity types of cellulose nitrate, several methods 
are available. Tt may be digested with water under beat and pressure; 
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it may be treated with various amines, such as pyridine; or its solu- 
tions in organic solvents may be degraded. The last two methods yield 
colored or unstable products. Hence, in commercial operations, the first 
one is the most practical. The way in which viscosity decreases upon 
aqueous digestion at 132“ for varying lengths of time is indicated in 
Figure 267. 



Figure 267. Relation between 
viscosity of cellulose nitrate 
and duration of treatment in 
the Milliken digester. (Original 
nitrogen content : 12.25 per 

cent, Nitrogen content at 15 
sec viscosity: 12.17 per cent; 
at 4 sec: 12.15 per cent; at % 
sec: 12.05 per cent; at % sec: 
12.00 per cent.) (Milliken’^^) 


Batch operations were universally practiced at first. Charges of nitro- 
cellulose up to 2 tons and of water up to 30 tons were used. Slight de- 
composition occurs during digestion with evolution of nitrogen oxides. 
Probably because of entrainment of these gases in the nitrocellulose, 
dry spots sometimes occurred in the digesters, resulting in serious acci- 
dents. A vastly improved method of degradation has been introduced by 
Hercules Powder Company in the form of the Milliken digester to which 
the nitrocotton is pumped directly from the boiling tubs. This equip- 
ment consists of a 4000-foot, 4-inch chrome-steel coil heated by means 
of a steam jacket at the entrance end, insulated during most of its length, 
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and water-cooled near the exit. A 200-foot rise at the discharge end 
provides a hydrostatic back pressure against which the contents of the 
coil are pumped at 100 pounds per square inch. The water-nitrocellulose 
mix is passed through this digester at temperatures up to 160°. The 
total nitrocellulose content of the Milliken digester is 600 pounds, while 
the water in the system at any one time is about 6V^ tons. Reduction 
of straight nitration grades of nitrocellulose to % second type can be 
accomplished in 25 minutes by passage through this installation. After 
digestion, subsequent washing and other treatments are carried out as in 
the case of straight nitration types. 

Nitrocellulose is unsafe to store or ship in the dry state. It should be 
kept wet with alcohol. Instead of drying, therefore, the product ob- 
tained by settling or centrifuging and still wet with water is compressed 
under about 250 pounds per square inch. Denatured alcohol, or less 
often some other water-soluble alcohol such as isopropanol or butanol, 
is then pumped through the block to displace the remaining water. After 
complete dehydration, the pressure on the block is increased to 3000 lbs/ 
sq in, whereby the alcohol content is decreased to about 30 per cent. 
The alcohol-wet block is then removed, broken up, and packed for ship- 
ment in air-tight containers to prevent evaporation. Throughout all 
these operations the cellulose retains its original physical form so that the 
final nitrated product resembles cotton waste in appearance, although 
it feels somewhat more harsh. 

Grades of Cellulose Nitrate. Nitrocellulose is manufactured in a 
variety of grades, depending upon nitrogen content and viscosity, both of 
which determine its industrial applications. The four principal grades 
of cellulose nitrate are listed in Table 146 according to nitrogen content. 

Table 146. Gkades of Cellulose Nitrate According to Nitrogen Content 



Characteristic 

SolubiUties 

^Prmd^ 

% Nitrogen 

Solvents 

Non^Solvents 

10.7-11.2 

Ethanol 

Aliphatic hydro- 
carbons 

Plastics, Alcohol-soluble 
lacquers 

11.2-11.7 

Methanol, ether-alcohol 
mixtures, ethyl ace- 
tate, acetone 

Aliphatic hydro- 
carbons 

Photographic film. Lac- 
quers, (Rayon) 

11.8-12.3 

Amyl and butyl ace- 
tates, acetone, meth- 
anol, ether-alcohol 
mixtures 

Ethanol, aliphatic 
hydrooarl^ns 

Lacquers, Imitation 
leather 

12.4-13.0 

Acetone 

Most other 
solvents 

Gun cotton for smokeless 
powder and other high 
explosives 


Nitrocellulose of any degree of nitration can be produced in any de- 
sired viscosity by controlled digestion. Relatively little nitrogen is lost 
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during this operation. The 11.8 to 12.3 per cent nitrogen grade, com- 
monly known as pyroxylin or soluble cotton, is available in the widest 
range of viscosities, usually stated in terms of seconds as measured by 
the falling-ball viscometer. (This method of measurement has been 
developed by Hercules Powder Company, adopted in essence by the 
A.S.T.M., and is now generally accepted in the United States. The 
glass tube of the instrument is 355 mm long. Its internal diameter is 
25.0 ± 0.5 mm. It is graduated with two marks placed 254.0 ± 0.8 mm 
apart, each line being about 50 mm from the corresponding end of the 
tube. The balls used are of steel, 7.938 ± 0.01 mm in diameter and 
weigh 2.0385 ± 0.007 gms, corresponding to an average 5/16 inch ball 
bearing. The temperature is held at 25.0 ± 0.1® and the time of fall is 
read to the nearest 1/5 sec. Time in seconds multiplied by 377 gives 
the viscosity in centipoises, except for the lowest grades. (The viscosity 
of water at 20° is 1.005 cps.) The nitrocellulose solution to be tested, 
corresponding to a lacquer containing 16 oz. of resin per gallon, is 
prepared as follows: 


Diy nitrocellulose 
Denatured alcohol 
Ethyl acetate 
Toluene 


12.2% by weight 
22.0 
17.5 
48.3 


In making up this solution, the resin should first be wetted with alcohol 
and toluene before addition of ethyl acetate. Shaking facilitates solu- 
tion. 

In the cases of and ^/4 second grades prepared according to this 
formula, the rate of fall is too great to yield an accurate measure of 
viscosity, so that longer falling times at higher concentrations are pre- 
ferred. Recommended solutions are prepared by mixing % or Vi second 
grades with the above-listed solvents in the following respective propor- 
tions: 20%, 20%, 16%, 44% or 25%, 18.7%, 15.0%, 41.3%. Falling 
times are then 3 to 4 seconds or 4 to 5 seconds, according to type.) 

It is probable that 600-1000 second nitrocellulose possesses a molec- 
ular weight of about 140,000; 30-40 second, about 68,000; and ^/4 second, 
about 22,000. 

General Properties of Cellulose Nitrate. Reference to Table 146 
shows that the solubility characteristics of nitrocellulose vary accord- 
ing to nitrogen content. In general, lacquer solvents used with nitro- 
cellulose for the formulation of industrial finishes can be divided into 
three principal groups: true solvents, latent solvents, and diluents. The 
most important true solvents in commercial use for the formulation of 
surface coatings include methyl, ethyl, isopropyl, butyl, and amyl ace- 
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tates, ethyl lactate, diethyl carbonate, anhydrous ethanol, mixtures of 
ethyl ether and ethyl alcohol, diacetone alcohol, acetone, methyl ethyl 
ketone, cyclohexanone, “Cellosolve,” and various other glycol ethers 
and ether-estera. Latait solvents are liquids which are capable of dis- 
solving nitrocellulose only where admixed with another solvent, either 
true or latent. Ethanol and ethyl ether are outstanding latent solvents 



Figure 268. Relation between 
nitrogen content of ^ sec ni- 
trocellulose and tolerance of its 
butyl acetate solutions for spe- 
cific diluents. (Dilution ratio 
is the volume of diluent divided 
by the volume of solvent in a 
10 per cent nitrocellulose solu- 
tion which contains maximum 
amount of diluent that can be 
tolerated. For method of de- 
termination, see Ref. 42 .) 


Courtesy Hercules Powder Co,^ 


for pyroxylin. Alone, neither will dissolve this grade of nitrocellulose, 
but together they are an excellent solvent, widely used in collodion. 
Other latent solvents include C, to Cg alcohols. A diluent is inactive as 
a solvent. Up to a certain maximum amount, defined in terms of dilu- 
tion ratio with respect to a specific solvent, a diluent can be added to a 
solution of cellulose nitrate in a true solvent. Beyond this maximiun, 
further addition of diluent causes precipitation of the resin. The most 
important diluents are benzene, tolu@ie, and coal tar and petroleum 
naphthas. Variation of dilution ratio with nitrogen content of nitro- 
cellulose is illustrated in Figure 268. 
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Plasticizers employed with nitrocellulose include camphor, castor oil, 
various drying oils, tricresyl phosphate, and dibutyl phthalate. Cam- 
phor is much the most important in molded plastics. Nitrocellulose is 
compatible with numerous natural resins, ester gum, and oil-modified 
alkyds, all of which are important in the formulation of surface coatings. 

Nitrocellulose is readily flammable. The most highly nitrated types 
bum with great rapidity if ignited in the open. They explode upon de- 
tonation. The less nitrated types burn readily, but are non-explosive 
and cannot be detonated by percussion. The type used for solid plas- 
tics is least flammable. 

Cellulose nitrate is relatively water resistant. It is not attacked by 
dilute acids. It is insoluble in aliphatic hydrocarbons and in carbon 
tetrachloride. Alkalies hydrolyze it slowly. Alkali and alkali earth 
hydrosulfides react with it quickly, regenerating the cellulose from which 
it came. This type of reaction was formerly utilized industrially in 
denitrating nitro-silk. 

Purified cellulose nitrate is colorless, resembling cotton linters in ap- 
pearance. It discolors and eventually decomposes under ultraviolet 
light. This effect used to be particularly noticeable in early safety glass 
manufactured with a nitrate interlayer. Deterioration is greatly re- 
duced by combination of opaque pigments with this plastic, a fact which 
explains the contrasting longevity and excellent performance of auto- 
mobile body lacquers based on this material. 

It has been pointed out that cellulose nitrate is stabilized by re- 
moval of sulfate-nitrates and unstable derivatives of hydro- and oxy- 
celluloses during manufacture. Stability is determined by observing the 
time required for the vapors from a sample of resin, heated to 135°, to 
decolorize completely a methyl violet paper suspended above it. The 
resin can be further stabilized by incorporation of urea or diphenylamine 
therewith. 

For detailed properties of cellulose nitrate plastic, see Tables 147 and 

148. 

Applications of Cellulose Nitrate, Nitrocellulose is utilized in four 
principal forms: as solid sheets, rods, and tubes, in film form, as a 
lacquer base, and as an explosive. Its earlier application in artificial 
silk has been abandoned. 

The relation between nitrogen content and use has been cited in 
Table 146. The most highly nitrated esters, carefully purified and 
stabilized against liberation of nitrogen oxides by addition of a small 
amount of diphenylamine, are gelatinized by means of a suitable swell- 
ing agent, such as acetone, with or without the addition of nitroglycerin, 
and are pelleted or otherwise shaped into various forms of so-called 
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smokelesB powder which may be dusted with graphite to prevent ac- 
quisition of static charges. 

Cellulose nitrates of all lower commercial grades of nitration find use 
in the formulation of surface coatings for various purposes. The type 
most widely used is % second pyroxylin of 11.8-12.3 per cent nitrogen 



Figure 269. Relation between flexibility and plasticizer 
content of films based on Vi second nitrocellulose and 
containing several different plasticizers. (Plasticizer con- 
tent in per cent of total composition.) 

content. Even where as much as 20 per cent of the lacquer consists of % 
second pyroxylin, it will still be fluid enough for satisfactory application 
by spraying, brushing, or dipping. Still higher solids content can be 
obtained with lower-viscosity resins, but the films are somewhat more 
brittle. Automobile, furniture, and generallacquers of high solids con- 
tent are made from low-viscosity grades. Fabric coatings are formulated 
with 8-10 second or higher types of resin which are also used in leather 
dopes, photographic film, and ^Uodion. 

In lacquer formulation, the nitrocellulose is dissolved in a true solvent, 
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such as butyl acetate, and a less expensive diluent is added, often a 
petroleum naphtha. The evaporation rate of the solvent and non- 
solvent should be similar so that solubility relationships will not be dis- 
turbed as the surface dries. To level out differences between various 
solvents and diluents which may be used together in a lacquer, such 
latent solvents as butyl alcohol are usually effective. They also smooth 



Figure 270. Relation between hardness and plasticizer 
content of films based on Vj sec nitrocellulose and con- 
taining several different plasticizers. (Plasticizer content 
in per cent of total composition.) 


out flow under the brush or upon spraying. Castor oil and other oils, 
tricresyl phosphate, and dibutyl phthalate are used as plasticizers in 
lacquers; camphor is not often employed because it is not retained per- 
manently by thin films. Gloss is imparted by addition of various natural 
and synthetic resins, especially long drying oil-modified alkyds. For 
the dependence of flexibility and hardness of nitrocellulose films upon 
plasticizer content, see Figures 269 and 270. 
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Where denatured alcohol is used as a solvent^ care should be taken 
to select a grade which contains no pyridine for the latter will cause 
degradation and decomposition of the film. 

The uses of nitrocellulose lacquers and miscellaneous solutions are 
legion. Automobiles, display forms, floors, furniture, hardware, lighting 
fixtures, metal knobs, casings, and housings are all finished with cellulose 
nitrate coatings. Much military equipment is surfaced with nitrocellu- 
lose. Its solutions are employed in coating fabric of all kinds, as in the 
manufacture of imitation leather like 'Tabrikoid,^' and in the produc- 
tion of window shades and patent leather. 

Nitrocellulose solutions are also used in miscellaneous cements; com- 
bined with aluminum powder in ‘liquid solder*’; used without pigments 
in transparent tamish-proof metal coatings; combined with suitable 
resins in paper coatings. Other applications include moisture-proof coat- 
ings for '^Cellophane/* linoleum coatings, bronzing liquids, leather dopes, 
nail polish, and collodion. 

Cellulose nitrate has been utilized in the manufacture of shaped 
plastics since the production of "Celluloid** by John Wesley Hyatt in 
1868. The unique feature in the development of this plastic was dis- 
covery of the value of combining camphor with the nitrate. Despite the 
evolution of manifold plasticizers for other thermoplastics since the 
days of Hyatt, no other material is yet known that serves as well as 
camphor in cellulose nitrate sheets, rods, and tubes. To reduce flamma- 
bility tricresyl phosphate may be used, but it is inferior to camphor 
except in lacquer formulation where the latter is not often employed 
because of volatility. 

Contributing also to the success of Hyatt*s "Celluloid” was the in- 
troduction of mechanical methods of plasticizing it without the use of 
large volumes of solvent. Refinements have been made since the early 
days of the industry, but the process still remains the same in principle. 
Cellulose nitrate, moistened with alcohol, is kneaded with camphor in 
a dough mixer. The fibrous character of the nitrate disappears during this 
operation and a uniform gelatinous mass is obtained which is filtered under 
hydraulic pressure and then transferred to large mixing rolls maintained 
at 160 to 176® F. Much of the alcohol used as solvent is evaporated 
at this point, while suitable dyes or pigments are uniformly incorporated 
if they have not been added previously. The milled plastic is then 
sheeted on the rolls into slabs which are piled on top of each other 
and pressed together hot. After this operation, sheets of any desired 
thickness are obtained by slicing from the compounded slab. To remove 
final traces of solvents, the sheets are aged by allowing them to stand 
for varying lengths of time, depending upon thickness, until all alcohol 
has evaporated. Warpage often occurs during this step, so that the final 
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operation is one of straightening, flattening, and polishing by means of 
steam-heated hydraulic presses. 

Properties of plasticized cellulose nitrate plastics are exemplified by 
those of ‘‘Celluloid,” limits of which are listed below. 


Table 147. Physical Properties of “Celluloid” “ 


Specific gravity 

1.35-1.6 

Tensile strength Gbs/sq in) 

5000-10,000 

Elongation (%) 

Brinell hardness 

10-40 

(kg/sq mm; 10 kg load; 2.5 mm ball) 
Impact stren^h (ft Ibs/in notch Charpy) 

5-11 

2-6 

Thermal expansion (in/in/® C) 

12 to 16 X 10”» 

Thermal conductivity (cal/sec/sq cm/® C/cm) 3.1 to 5.1 X 10”* 

Specific heat (cal/® C/gm) 

0.34-0.38 

Softening temp. (® F) 

160-195 

Ignition temp. (® F) 

320-365 

Dielectric strength (volts/mil) 

600-1200 

Dielectric constant (60 cycles) 

6.7-7.3 

Power factor (60 cycles) 

0.06-0.15 

The effect of various chemicals upon 

plasticized nitrocellulose is 

typified by the behavior of “Celluloid” upon immersion in the follow- 

ing reagents for seven days at 25®. 


Table 148. Effects on Plasticized Cellulose Nitrate of Immersion for 7 Days 

in Chemical Reagents at 25®*° 

Effect on “Celluloid” 
after 7 Days 

sulfuric acid, 30% 

none 

sulfuric acid, 3% 

none 

nitric acid, 10% 

none 

hydrochloric acid, 10% 

none 

acetic acid, 5% 

none 

oleic acid 

none 

sodium hydroxide, 10% 

crazed 

sodium hydroxide, 1 % 

crazed 

ammonium hydroxide, 10% 

crazed; discolored 

sodium carbonate, 2% 

none 

sodium chloride, 10% 

none 

hydrogen peroxide, 3% 

none 

distilled water 

none 

ethyl alcohol, 50% 

none 

ethyl alcohol, 05% 

dissolved 

acetone 

dissolved 

ethyl acetate 

dissolved 

ethylene dichloride 

partly dissolved 

carbon tetrachloride 

none 

toluene 

partly dissolved 

gasoline 

none 


Plasticized cellulose nitrate is available in standard 20 x 60 inch 
sheets, from 0.006 to 1.00 inch thick. Sheets are produced in all colors, 
from transparent to opaque, and in a variety of special color designs 
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which can be developed, for example, by piling together differently 
colored slabs before pressing and slicing, then cutting across the grain 
after bonding. Mottled effects can be obtained by blocking alcohol-wet 
chopped material, instead of sheets. 

Nitrate sheets can be blanked out, then molded to final shape at 
250® F and 2000 Ibs/sq in. Hollow articles can be readily blown, while 
other shapes are commonly drawn. These plastics are readily machined, 
polished, embossed, printed, engraved, and cemented together. In bonding 
parts of cellulose nitrate plastic, it is sufficient to moisten both pieces 
with a solvent like acetone, butyl acetate, or “Cellosolve” acetate. For 
bonding to other surfaces, nitrocellulose solutions containing a suitable 
plasticizer may be used. 

Sheets of nitrate can be softened by means of aqueous methanol or 
acetone. The tough pliable product can then be stretched over various 
objects. Upon drying, it shrinks tightly about the enclosed article, 
yielding an attractive skin which can be cemented to the core around 
the edges. This process, using 80 per cent methanol, is employed in cover- 
ing wooden shoe heels, hamper tops, and toilet seats. 

Applications of cellulose nitrate sheet stock are legion. Buttons, 
buckles, ladies’ handbag frames, piano keys, toys, combs, handles for 
knives, forks, hairbrushes, toothbrushes, and hand mirrors, eye shades, 
drawing instruments, spectacle frames, badges, marking tags, novelties, 
shoe lace tips, and corset rib covering are but a fraction of the myriad 
peacetime applications which have sprung from Hyatt’s original search 
for a billiard ball. Military applications include powder containers, 
wad caps, shell closing caps, and numerous articles of civilian life which 
are indispensable in time of war for military purposes, such as drawing 
instruments. 

In film form, cellulose nitrate is available in standard sizes and in 
continuous lengths up to 42 inches in width. Common gauges are 0.003 
inch, 0.005, 0.0055, 0.0075, 0.00825, and 0.010. It is available in trans- 
parent colqrless and colored forms. It is used as a photographic film 
base, in transparent envelopes and coverings, for artistic purposes such 
as drawing animated cartoons, and in certain containers for military 
explosives. An important industrial use for nitrocellulose sheeting is pipe 
line covering. Once used in safety glass, it has now been displaced by 
other types of plastics. 

Plasticized nitrocellulose is also extruded in rods, tubes, and mis- 
cellaneous shapes. Extruded stock is a favorite for fountain pen and 
pencil barrels. Typewriter keys, umbrella handles, and dice are but 
a few among the many uses of these products. 

Because of its inflammable nature and its tendency to decompose at 
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elevated temperatures, cellulose nitrate plastics are not used in either 
compression or injection molding operations. 

Trade Names and Statistics. Cellulose nitrate is manufactured in a 
variety of nitrogen contents and viscosities by Hercules Powder Co., Inc., 
and E. I. du Pont de Nemours & Co., Inc. Plasticized cellulose nitrate in 
sheet, rod, and tube form is available under the trade names ‘^Amerith,’^ 
^^Celluloid,” ‘‘Nitron,’^ ‘^Nixonoid,’’ and ^Tyralin.'^ 

Nitrocellulose lacquers are available under many trade names and 
are very commonly admixed with other resins, especially oil-modified 
alkyds, in the preparation of industrial finishes. Two of the better 
known trade names are ^^Duco^' and ^'Zapon,’^ but a multitude of others 
are sold by paint and varnish houses. 

In 1944, cellulose nitrate sold at 17 to 19 cents per pound, approximately 
16,000,000 pounds being produced for plastics applications. 

Cellulose Acetate 

History. Like nitrocellulose, cellulose acetate has been intimately 
linked with the plastics industry for many years. Highlights in its 
historical evolution have already been sketched in Chapter 2. A French 
chemist of Alsatian origin, Paul Schutzenberger, was the first to prepare 
this semi-synthetic resin in 1865. The Britisher, C. F. Cross, together with 
his associates, attempted its development some thirty years later. Com- 
mercial utilization lagged, however, largely because of difficulties en- 
countered in spinning filaments without the use of expensive and toxic 
chlorinated solvents and because of the inapplicability of the older 
dyestuffs and dyeing methods to artificial silks made therefrom. An. 
American, G. W. Miles, was the first to overcome the former difficulty, 
but the latter was not surmounted until after World War I. The Dreyfus 
brothers established important factories in England and France for 
manufacture of airplane dope during that war. The armistice of 1918 
forced re-direction of the products of their British Cellulose and Manu- 
facturing Company into lanes of peaceful commerce as ‘^Celanese.^^ To- 
ward the end of the nineteen twenties, cellulose acetate sheets, rods, and 
tubes first appeared, soon followed by molding powders. The latter grew 
in a spectacular manner as injection methods of molding thermoplastics 
developed early in the ’thirties. Evolution of improved methods of manu- 
facturing acetic anhydride were reflected in decreased cost of this es- 
sential intermediate and permitted greater capitalization on the inherent 
advantages of both acetate silk and shaped acetate plastics. Recently, 
interest has been renewed in the earlier types of high-acetyl acetate 
for molded plastics because of its superior water resistance. Finally, 
when World War II broke out, high-strength acetate silk was in its 
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infancy. Its adaptability to the manufacture of parachute and balloon 
fabrics resulted in rapid development of ^Tortisan^’ for military pur- 
poses. 

Chemistry of Cellulose Acetate. The hydroxyl groups of cellulose 
are capable of yielding esters of numerous organic acids although the 
acids themselves are not sufficiently vigorous to bring about esterification. 
In the case of cellulose acetate, acetic anhydride is used as the active 
acetylating agent, being mixed with glacial acid. Moreover, catalysts 
such as sulfuric acid or zinc chloride must also be used. While these two 
chemicals are the most common catalysts, many others are equally ef- 
fective. Phosphoric acid, perchloric acid, sulfur- and phosphorus-chlorides 
and oxychlorides, chloracetic acid, various sulfonic acids, and dimethyl 
sulfate are among those mentioned in the literature. All of these sub- 
stances appear to exert more than a simple catalytic action. They 
probably form intermediate compounds with either acetic anhydride or 
cellulose, or with both. They seem to act, in part, by virtue of their dehy- 
drating ability. Because they are intra-micellar swelling agents for 
cellulose, they loosen the physical intermolecular structure of the latter 
so that acetylating agents can reach and act upon the hydroxyl groups 
confined within the micelles. 

There is an important difference between nitration and acetylation of 
cellulose. By control of the composition of the mixed acid used in ni- 
trating, it is possible to vary the number of nitrate groups in the product. 
Under ordinary circumstances, however, it has not yet been found 
practicable to stop acetylation short of the completely esterified triace- 
tate, 



This material is often called primary cellulose acetate because it is 
the first product obtained by acetylation. Attempts to halt reaction at 
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an intermediate point yield only mixtures of unattacked cellulose and 
primary acetate. Miles^ contribution lay in the discovery that, although 
acetylation could not be arrested short of the triacetate, yet it was 
possible to hydrolyze this ester partially to obtain a product having 
fewer than three acetate groups per glucose unit — usually about two. 
The primary acetate is soluble in chloroform, but insoluble in acetone. 
The reverse is true of the secondary acetate produced by partial hy- 
drolysis. 

It has been held in some quarters that the secondary acetate is not 
an incompletely acetylated cellulose, but rather a mixture of triacetate 
and regenerated cellulose. The evidence on this score, however, is far 
from convincing. 

Acetylation of cellulose causes more degradation of the molecule than 
does nitration. Moreover, since acetic acid used in the reaction mixture 
is a solvent for the product, the original fibrous form of cellulose is not 
preserved. The molecular weight of cellulose acetate can be varied by 
changing the reaction conditions or by pretreating the cellulose with 
such reagents as formic acid, acetic acid, lactic acid, hydrochloric acid, 
oxidizing agents, or other substances. The degree of polymerization of 
commercial grades of cellulose acetate probably varies from about 175 
to 360. 

Manufacture of Cellulose Acetate. Cotton linters are the preferred 
source of cellulose for manufacture of the acetate. As In the case of 
nitrocellulose, it is essential to use a chemically purified grade of cotton 
which has been freed from oils and other mechanical impurities by 
cooking with dilute alkali and washing. Depending on the manufacturer, 
baled purified linters may or may not be first sent through a picker to 
loosen the fibers, then pretreated if necessary and carried to the acetyla- 
tors. The viscosity of the cellulose acetate produced is determined not 
only by reaction conditions, but also by the details of purification and 
pretreatment of the cellulose used as raw material. It is essential to 
exercise careful control over drying of the linters. Too much moisture 
wastes acetic anhydride, makes temperature control more difficult, and 
lowers the viscosity of the product; if the cotton is too dry, it does not 
acetylate readily. Depending upon the manufacturer, moisture is usually 
held between 2 and 6 per cent. 

Acetic acid and acetic anhydride, stored in aluminum tanks, are run 
through aluminum mains into a mixing vessel of the same metal. From 
there they are conveyed to the acetylator, often copper or bronze lined, 
where the requisite amoimt of sulfuric acid or other catalyst is added. 
The processed cotton is then slowly added to the acetylating mixture 
and stirred thoroughly for several hours, under carefully controlled tem- 
perature conditions, until sampling indicates reaction to be complete. 
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During a major portion of the acetylation, the reaction mixture is a 
thick paste, so that the acetylators are constructed in the form of heavy 
duty mixing devices of the ball-mill or dough-mixer type. Acetylation 



Courtesy Tennessee Eastman Corp, 


Figure 271. Cotton, linters, acetic anhydride, acetic 
acid, and catalysts are reacted, with stirring, in this 
acetylator. 



Figure 272. Drawing cellulose acetate from the up» 
turned acetylator. 


conditions vary according to the manufacturer, temperatures as high as 
80® having been used, although much lower ones are customary. Where 
the product is used for the manufacture of acetate rayon, the lower the 
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temperature of reaction, the higher will be the tensile strength of the 
fibers. It is, however, of technical significance that over rather wide 
limits, yam strength is but slightly affected by change in viscosity. 
Time-temperature relationships for a typical run are given in Figure 273 
which also shows the point at which the mixture begins to acquire a 
dough-like character. 



Figure 273. Course of typical acetylation of cellulose. (Lipscomb 

Depending upon the manufacturer, from a few hundred jiounds to a 
ton of cotton linters may be acctylated at one time, control of reaction 
conditions being more easy than with nitration. 

Some manufacturers add methylene chloride to the acetylating mixture 
because of its solvent power for the triacetate. Use of this solvent, 
handled in stainless steel equipment, assures homogeneity of solution 
with resultant uniformity of product. 

The course of acetylation is followed toward the end of the operation 
by microscopic observation. Reaction is continued until the solution is 
relatively free from fibers. Complete reaction to remove all fibers is 
not always feasible, especially where a product of high viscosity is sought. 
Chemical examination is also made to ascertain the extent of consump- 
tion of acetic anhydride, uniformity of reaction, and viscosity of the 
produet. 

After acetylation is complete, a calculated amount of water, usually 
in the form of a 60-60 per cent aqueous acid solution, is added to the 
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reaction mixture. The water added is sufficient to cause hydrolysis, but 
insufficient to effect precipitation. The batch is then allowed to stand 
for a while at a carefully controlled temperature until analysis of sam- 
ples and solubility determinations indicate that the original primary 
triacetate has hydrolyzed to a secondary acetate of the desired acetyl 



Courtesy Tennessee Eastman Corp» 


Figure 274. Cellulose acetate is hydrolized (saponi- 
fied or ripened) in huge storage jars. Frequent tests 
insure uniformity in the finished products, 

content. This process is known as saponification or ripening. In a typical 
saponification operation, water may be added to the extent of 22.6 per 
cent of the weight of the cellulose used and the mixture may stand for 
65 to 75 hours at 21®. Saponification conditions, however, like those of 
acetylation, vary widely among manufacturers. Temperatures up to 
70® are used, in which case the time required is shortened to only a few 
hours. Hydrolytic agents may also be added; hydrochloric acid or 
potassium nitrate are representative. Filtration is frequently carried 
out during or at the end of saponification, to remove fibers, and con- 
trol is based mainly on viscosity measurements in domestic practice. 
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The theoretical acetyl content of cellulose triacetate, calculated as 
combined acetic acid, is 62.6 per cent. In practice, the primary acetate 
will contain only 62 per cent, or less — sometimes as low as 58 per cent. 
The difference is caused by the presence of a small amount of acid sulfate 
groups. The presence of these radicals in the finished product would 
lead to gradual decomposition on standing and charring upon heating at 
elevated temperatures. Hence, it is essential to hydrolyze whatever sulfate 



Figure 275. Change in combined acetic acid content and total sulfate of cellu-- 
lose acetate during saponification. (Theoretical acetic acid content: triacetate: 
62.5 per cent; diacetate: 48.8 per cent; monoacetate: 29.4 per cent.) {Plotted and 
adapted jrom data of Lipscomb 

groups are present after acetylation. This operation is accomplished to 
a considerable extent during ripening. The change in both combined acetic 
acid and total sulfate as ripening progresses is shown in Figure 275. 

After examination of the solubility of precipitated control samples in 
a series of solvent mixtures has shown saponification to have progressed 
far enough, precipitation of the secondary acetate is carried out by ad- 
dition of a large excess of water, often with added sodium acetate to 
kill the sulfuric acid present. The secondary acetate so obtained may 
be stabilized by boiling with very dilute sulfuric acid (about 0.02 per 
cent) or it may be steamed with live steam to hydrolyze any residual 
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combined sulfate and improve stability, then washed, centrifuged, dried, 
and blended to insure uniformity. It is now ready for sale as such or 
for further processing. 

Properties of Cellulose Acetate. In contrast to nitrocellulose, cellu- 
lose acetate is a light-stable, relatively nonflammable thermoplastic. 

Its solubility characteristics depend upon the degree of acetylation. 
Primary acetate swells, but does not dissolve in acetone. It is soluble in 



Courtesy Tennessee Eastman Corp, 


Figure 276, Cellulose acetate compressed into man- 
ageable cakes which may eventually become photo- 
graphic him, transparent wrapping material, molded 
plastic, or acetate yams. 

such chlorinated solvents as chloroform and methylene chloride. Sec- 
ondary acetate is swelled by chloroform, but is insoluble in it. Acetone, 
methyl acetate, methyl ethyl ketone, nitromethane, dioxane, methyl 
‘^Cellosolve,” and ethyl lactate dissolve the secondary acetate. Their 
efficiency as solvents, as reflected reciprocally in viscosity of solutions of 
a given concentration, decreases in the order given. Typical solvent pairs 
capable of dissolving secondary acetate are ethylene dichloride and ethyl 
alcohol (4:1), acetone and methanol (9:1), 1-nitropropane and ethanol 
(4^1). The effect of the nature of certain solvents upon viscosity is 
shown for Hercules^ LL~1 cellulose acetate (55-66 per cent combined 
acetic acid, 2-4 sec viscosity) in Figure 277. 

Within limits, both aromatic and aliphatic hydrocarbons can be used 
as diluents for cellulose acetate solutions. The tolerance of a given solu- 
tion for aromatic hydrocarbons such as toluene is greater than that for 
aliphatic hydrocarbons. 
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Cellulose acetate plastics are resistant to dilute acids, gasoline, mineral 
and vegetable oils, and ethyl alcohol. Their resistance to water is not 
as good as that of other cellulose derivatives, a fact which has militated 
against applications where weathering is encountered. 



Figure 277. Effect of solvent on the viscosity of cellulose 
acetate solutions. (Hercules’ LLr-1 cellulose acetate; 65.4 per 
cent acetic acid, 2.4 sec viscosity, 228® softening point.) 


Cellulose acetate does not possess wide compatibility with other resins, 
but shows limited compatibility with cellulose nitrate of low viscosity, 
with certain urea- and phenol-formaldehyde coating resins, with low- 
viscosity polyvinyl acetate, and with p-toluenesulfonamide-formaldehyde 
resins. 

The number of plasticizers which can be used successfully with cellulose 
acetate is also restricted. Dimethyl and diethyl phthalates, methyl 
phthalyl ethyl glycolate, dimethoxyethyl phthalate, and triphenyl phos- 
phate are often used, the last because of its fire-resisting properties. 



Table 149. Common Plasticizers for Cellulose Acetate 
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Table 150, Properties of Hercules Cellulose Acetate of Various Degrees of Substitution*^ 
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albeit it is not as efficient as the others. The behavior of a number of 
common plasticizers with cellulose acetate is given in Table 149. 

Properties of unplasticized cellulose acetate of different degrees of 
acetylation are shown in Table 160. 

Film characteristics of various grades of unplasticized cellulose acetate 
are given in Table 151. 



Figure 278. Acetate rayon being wound 
on cones from the pirns. 


Courtesy E. I. du Pont de Nemouis & Co. 


The properties of plasticized cellulose acetate in film form and as 
molded plastics are given in the following section. 

Commercial Forms and Applications of Cellulose Acetate. Cellu- 
lose acetate flake is utilized in the manufacture of acetate rayon, surface 
coatings, molding powders, sheet, rod and tube stock, and transparent 
films and foils. Expanded (cellular) cellulose acetate is a recent devel- 
opment. 

In the production of acetate rayon, a secondary acetate containing 
54-55 per cent combined acetic acid is employed. The flake is dissolved 
in acetone and the solution extruded through spinnerets into a warm cur- 
rent of air which evaporates the solvent so that filaments are produced 
without further treatment. Though wet spinning methods have been de- 
veloped, they do not appear to be used commercially. Unlike nitro and 
viscose rayoQ, the acetate is not regenerated, except in the case of high- 
strength yams. Both continuous filament and staple fibers are produced 
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in deniers * ranging from 1.5 to 4 and 1.6 to 20, respectively. The latter 
is used not only in textiles, but also in comforters and pillows to replace 
down. Continuous filament acetate yam is manufactured in this coun- 
try under such brands as "Acele,” “Celanese,” “Eastman” acetate, 
“Seraceta,” and “Tubize,” while staple fiber goes by the names of “Acele,” 
“Celanese,” “Seraceta-Fibro,” and “Teca.” 

Acetate silk is resistant to laundering, an important factor in bringing 
it into popular favor during recent years. 

Delustered filaments are manufactured by incorporation of titanium 
dioxide in the spinning solution. Because of its thermoplastic character, 
acetate silk lends itself admirably to special effects such as permanent 
pleats and moire fabrics, fused edge ribbons, and tape for lining coat 
lapels. Special products include black filament colored before spinning, 
hollow filaments and more or less experimental bubble-filled filaments. 

Acetate silk is dyed by means of water-insoluble dyes suspended in 
aqueous dispersion by means of various surface-active agents. 

High-strength yam is now produced from cellulose acetate under the 
trade name “Fortisan.” This product is made by simultaneously hydro- 
lyzing and stretching spun acetate by passage of the swollen thread un- 
der tension through a solution of an organic base at slightly elevated 
temperatures. Products made in this way may contain less than 1 per 
cent of acetic acid after hydrolysis. “Fortisan” is said to be as strong or 
stronger than other synthetic and natural yams, strengths twice as great 
as that of natural silk being obtainable. 

In 1941, American production of rayon yarns amounted to 451,204,000 
pounds. Of this total, 163,746,000 pounds were of the cellulose acetate 
variety. 

Cellulose acetate of 54-55 per cent acetic acid content is used in the 
formulation of a variety of surface coatings by solution in suitable sol- 
vmits and combination with other resins, plasticizers, and pigments if 
desired. Viscosity grades range from 2 to 250 seconds, as measured by 
th« time required for a 5/16 inch steel ball to fall through a distance of 
10 mehes in a 20 per cent solution of resin in a 9:1 mixture of acetone 
and ethyl alcohol contained in a tube one inch in diameter and held at 
25®. Such lacquers are used for insulating purposes, for sealing bottles, 
for eoi^g colored light bulbs, for coating textiles, papers, and metal 
fcab, for preparing motion picture screens, and for numerous other pur- 
poses. High viscosity solutions are used as airplane dopes. 

*Both monofilaments and composite threads are usually measured in teiw of 
deaieni. The denier of either a single filament or a thread is the weight in milligrams 
of nine meters thereof. The denier of a fiber of natural silk is about 13; that of 
wool may vary from about 13 to 30. 




Courtesy Celanese Plastics Corp, 


Figure 280. Kneaded ‘‘Lumaritb” is pressed 
through sieves. The filtered stock coming through 
the machine on the floor below is thus freed of 
impurities. (This is a combination of two photo* 
graphs.) 




CELLULOSE PLASTICS 


673 


Cellulose acetate molding powders have increased greatly in signifi- 
cance with the evolution of injection molding methods. The recent lack 
of availability of other plastics because of the military situation has also 
led to increased use of these materials, where possible, in consumer 
goods formerly made of phenolics. The usual type of cellulose acetate 



Courtesy Celanese Plastics Corp. 

Figure 281. Rolling ^^Lumarith^* mass to disperse plasticizers and pig- 
ments evenly. 



Courtesy Celanese Plastics Corp, 

Figure 282. Removing rough ‘‘Lumarith” cake 
from pan. 


employed in molding powders possesses a combined acetic acid content 
of 52 - 54 : per cent. Powders are manufactured by incorporating plas- 
ticizers with flake acetate either with or without the aid of such solvents 
as acetone and alcohol. If solvents are used, a colloidal dough is pre- 
pared in a heavy duty kneading machine, then sheeted on warm rolls 
where the solvent is largely removed and coloring matter is incorporated. 
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The product is then chopped to granular form in a knife mill and dried. 
Heated Banbury mixers or hot rolls are employed for admixing the 
various molding powder ingredients in the absence of solvents. 

Cellulose acetate molding powders are available in a wide range of 
transparent and opaque colors. Properties can be varied widely, de- 
pending upon the nature and amount of plasticizer used. Mottled colors 
are obtained by mixing differently colored powders. Such effects as par- 
ticle size and sharpness of color outline in mottles can be varied by 
mixing differently colored powders of two or more degrees of flow. 



Courtesy Celanese Plastics Corp, 

Figure 283. ^Xumarith” sheets hung in heated 
vaults for seasoning. 


Cellulose acetate of a higher degree of acetylation than the regular 
plastics grade has been introduced for use in molding powders. Al- 
though somewhat more difficult to mold than the 52-64 per cent variety, 
this high acetyl acetate containing 66.5 to 58.5 per cent combined acetic 
acid still possesses satisfactory molding characteristics and shows bet- 
ter water- and heat-resistance than the standard grade. 

The range of properties obtainable in variously compounded molding 
powders prepared with both regular and water-resistant grades of cellu- 
lose acetate is shown in Table 152. The approximate relationships be- 
tween flow temperature of acetate molding powders and impact strength, 
modulus of elasticity, and heat distortion are shown graphically in Fig- 
ure 284. 
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Table 162 . Bange of Properties of Commercial Molding Hastics^ 



Regular Plaetica 
(P Type Hercules’ Cellulose 

Acetate) 

Water«resistant 
Plastics (W TVpe 
Hercules Cellulooe 


Transparente 

Pigmented 

Acetate) 

Traneparents 

Density 

1.27-1.32 

1.37-1.56 

1.27-1.32 

Specific gravity, oz/cu in 

0.73-0.76 

0.79-0.90 

0.73-0.76 

Specific volume, cu in/lb 

20.2-21.5 

12.9-17.8 

20.2-21.5 

Strength tests: 

% Elongation at break 

15-35 

2.5-30 


Tensile, Ib/sq in 

2800-5000 

3000-4300 

— 

Compressive, Ib/sq in 

4000-12,000 

11,000-16,000 

— 

Transverse, Ib/sq in 

6000-7000 

6000-7000 

5000-8000 

Impact, Charpy ft Ib/sq in 

3.2-5.2 

2.2-4.5 

1. 5-3.5 

Izod ft Ib/sq in 

0.5-1.2 

0.17-0.6 

— 

Hardness, Rockwell M 

20 to 60 

20 to 60 

20 to 35 

Thermal expansion, in/in /°C 1.56-1.64 X lO"* 

(steel = 0.109-.132 X lO"*) 

1.02-1.5 X 10- 

■* 1-1.5 X 10-^ 

Thermal conductivity, cal /cm 

sq/® C/sec 

5.4 X 10-* 

5.3-8.7 X 10-^ 

5-9 X 10“* 

Specific heat, gm cal/gm/° C 

0.4-O.5 

0.35-0.5 

0.35-0.45 

^tractive index, nz> 

1.47-1.51 

varies 

1.47 

Dielectric strength, 60 cycles, 

volts/mil, 60% R.H., 26° C 

300-500 

250-500 

350-500 

Dielectric constant at 550 kilo- 

cycles 

4.3-4.6 

4.7-4.9 

— 

Dielectric constant at 60 cycles 

4-5.0 

4-5.0 

4.5-5.6 

Power factor at 550 kilocycles 

7.7-13.7% 

6.8-15.3% 

— 

Power factor, 60 cycles, 60% 

R.H., 25° C 

1.5-2.5% 

— 

1-2% 

Molding pressure, Ib/sq in 

Compression 

2000-5000 

2000-5000 

2000-5000 (only 
soft powders 
compression 
mold) 

Injection 

10,000-20,000 

10,000-20,000 

10,000-20,000 

Molding temperature, ® F 

Compression 

275-285 

300-310 

320-350 

Injection 

335-365 

360-390 

380-440 

Mold shrinkage, in/in, cold 

mold to finished cold article 

0.0025-0.0046 

— 

— 

Water absorption, % 96 hr im- 
mersion 

1.4-2.0 

1. 4-2.0 

0.9^1.2 

Plastic warping in 100% R.H. 

100® F atmosphere 

Bad to slight, depending on formula Slight to none, 


depending on 
formula 


Cellulose acetate powders are usually molded by injection or extrusion. 
Large moldings can be produced by compression methods, provided the 
mold is cooled before removal of the piece. Powders are classified ac- 
cording to fiow. Certain manufacturers list as many as six degrees of 
hardness (H, to H), medium hard (MH), medium (M), medium soft 
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(MS), and as many as ten degrees of softness (S-Siq), depending upon 
formulation. Flow temperatures according to which these different grades 
are classified are determined by the Peakes-Rossi flow tester by the 
method of A.S.T.M. D569-40T. Each degree of flow- differs from the next 
harder or softer one by three to five degrees Centigrade. 

Hardest grades are used for compression molding of small objects. 
Intermediate grades are employed for injection molding and for com- 
pression molding of large areas. Soft varieties are utilized in extrusion. 



FLOW TEMPERATURE IN ‘F 

Figure 284. Relation of flow temperature to certain other properties of typical 
samples of injection molded cellulose acetate plastics. (Gfoor®*) 

Cellulose acetate molding powders are employed in fabrication of 
the greatest variety of articles where their thermoplastic nature is not 
detrimental to service and where extreme water resistance is not re- 
quired. Some warpage is encountered in flows softer than MS. Cellulose 
acetate is not applicable where excellent dimensional stability is re- 
quired or where the molded part will be exposed to temperatures in ex- 
cess of 160“ F. Typical uses include radio knobs, grilles, and housings, 
oil cups and transparent oil cans, electrical plugs, switchplates, and 
bases, buttons, buckles and costume jewelry, novelties such as combs, 
vanity cases, boudoir and desk accessories, telephone mouthpieces, auto- 
mobile knobs, bezels, steering wheels and instrument panels, flashlight 
cases, tool handles, advertising models, garden hose nozzles, and extruded 
decorative trim. 
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Cellulose acetate readily lends itself to molding around inserts. Zinc 
die castings have been used as cores for injection molded automobile 
handles, for example. Another interesting application is to be found in 
acetate resins injection molded around glass lenses. 

Military uses of cellulose acetate include transparent bullet coretips, 
gun sight lenses, gas mask flutter valves, airplane knobs, and injection 
molded gas mask lenses. 

Cellulose acetate molding powders are sold under the trade names, 
**Lumarith,’^ 'Tenite” I, ^^Nixonite,’^ ^Tibestos,’^ “Plastacele,'^ and “Bake- 
lite^^ cellulose acetate. In 1944, flake cellulose acetate was priced at 
30-36 cents per pound. Molding powders, in plain colors ran from 34 
to 48 cents per pound. About 57,000,000 pounds of acetate molding com- 
pounds were produced in 1944. 

Plasticized sheets can be sliced from blocks prepared in much the 
same manner as cellulose nitrate. Sheets, rods, and tubes (approximately 
8,000,000 pounds in 1944) sold under such trade names as “Lumarith,” 
^‘Nixonite,” 'Tibestos^’ and ^Tlastacele^’ can be readily machined and 
formed. Blowing, printing, and cementing can be easily performed. 
Standard shapes and sizes are similar to those of nitrate. Typical uses 
are in telephone and radio parts, cable and wire insulation, lamp shades, 
light diffusers for fluorescent lamps, rigid transparent containers, ma- 
chine guards, displays, pen and pencil barrels, drafting instruments, 
spectacle frames, industrial face shields and goggles, and identifleation 
tags. For a few years during the 'thirties, cellulose acetate largely dis- 
placed nitrate in the manufacture of safety glass because of improved 
light stability. It, in turn, has now been largely superseded in this ap- 
plication by polyvinyl butyral. 

Important military applications of sheet acetate are to be found in 
transparent aircraft enclosures, especially for gliders and trainer planes, 
in windows of army barracks and blimps, in goggles and trainer gas mask 
eyepieces, in airplane fairleads, map cases, and printed charts, mileage 
scales, and computers of various kinds. 

Films and foil less than 0.01 inch thick are cast from solution on 
highly polished moving surfaces, dried, and wound. They are used in 
photographic safety film and, in recent years, have gained an important 
place in transparent wrapping materials, envelopes, and bags. Before 
Pearl Harbor, films and foil found an important volume outlet in the 
fabrication of rigid transparent containers which added sales appeal 
to innumerable consumer goods. Vials and, to a limited extent, collapsible 
tubes are fabricated of acetate foil. Film is also used as electrical in- 
sulation on wire and coils and as spirally wound tubing. Typical prop- 
erties of cast transparent films of cellulose acetate are given in Table 153. 
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Table 153. Properties of '^Lumarith B/' Cast Transparent Films of 
CelluloBe Acetate Base^ 


Specific gravity 
Tensile strength, Ibs/in* 

Elongation, % 

Light transmission, % 

Heat shrinkage, %, 48 hrs at 140® F 
Humidity expansion, % (0% to 75% R.H. 24 hrs at each 
condition) 

Moisture absorption, % (24 hrs at 0% R.H. plus 48 hrs at 
90% R.H.) 


I. 32-1.33 

II, 000-7, 000 
35-25 
92-88 
0.1-0.26 

0.3-0.6 


6-3.6 


Electrical Properties 


Gauge in 1/1000 in 
Dielectric strength, volts/mil 
60 cycles, 50% R.H. 

60 cycles, 24 hrs in water 
Dielectric constant 
60 cycles, 60% R.H. 

1 megacycle, 70% R.H. 
Power factor 
60 cycles, 60% R.H. 

1 megacycle, 70% R.H. 
Volume resistivity, megohm-cm 
60% R.H. 

24 hrs in water 


3 6 


2440 

2040 

1470 

1220 

5.1 

4.9 

3.6 

3.9 

0.016 

0.016 

0.046 

0.047 

26 X 10« 

41 X 10« 

32 X 10* 

6 X 10* 


7.6 

10 

1660 

1620 

840 

690 

4.9 

4.9 

3.8 

3.7 

0.016 

0.016 

0.047 

0.044 

78 X 10* 

74 X 10* 

12 X 10* 

8 X 10* 


Acetate foil is used for heat and pressure laminating to paper and fabric 
and for the protection and preservation of identification cards, and other 
records. 

Film and foil are available under the trade names ‘^Lumarith/^ ‘Tlas- 
tacele,’^ “Nixonite,'' ‘Tuelite,” ^Tue-Pak,’^ and ^‘Koda-Pak 
Acetate film laminated with cotton scrim or wire screening serves 
as a flexible glass substitute in hen houses, hot houses, military barracks 
and other explosion-resistant glazing, and ultraviolet transmissive hos- 
pital glazing. Products of this type are available under such trade names 
as 'Xumapane,” “Vimlite,'' and ^‘Cel-O-Glass/^ 

Cellular cellulose acetate, an expanded plastic free from plasticizer, 
designed for use in strong, light-weight cores for airplane floor panels, tail 
assemblies, and wing structures, and for application in luggage, prefabri- 
cated houses, and refrigerator insulation, is produced by du Pont in the 
form of extruded strips. It is available in four densities ranging from 
4 to 9 Ib/cu ft. It can be formed by heating to temperatures of 193-202®. 


Mixed Cellulose Esters 

Within the past decade extensive studies have been made of the cbar«- 
^oteristics of mixed esters of cellulose. Two types of such materials are 
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now available commercially, the acetate propionate, and acetate butyrate. 
Cellulose nitrate acetate has also been manufactured, but its production 
was stopped a few years ago to permit greater concentration upon the 
war effort on the part of its manufacturer. Each of these proc^ucts can 
vary with respect to the total degree of esterification, the ratio of the 
two acyl radicals present, and the molecular weight as reflected in vis- 
cosity. 

The acetate propionate is used primarily in surface coatings and in ex- 



Figure 285 . Solubility of cellulose acetate propionate compositions 
in organic solvents and compatibility of the same compositions with 
ester gum. (Ester gum indicated in lower chart as per cent by weight 
of cellulose ester.) {Fordyce, Salo, and Clarke 


truded filaments which are interwoven with cotton in the production of 
special fabrics for fused shirt collars. It is sold under the trade names 
of “Hercose” AP and ^^Eastman^' acetate propionate. The acetate buty- 
ratCi sold under the trade names **Hercose*' C and “Tenite^^ II, is used in 
both surface coatings and molding powders. Its adoption in molded and 
extruded plastics has been widespread. 

Several undesirable characteristics of cellulose acetate such as moisture 
absorption, loss of plasticizer, and restricted compatibility with plas- 
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ticizers, Bolvents, and other resins, are improved by the partial replace- 
ment of acetyl groups by propionyl or butyryl radicals. Limits of solu- 
bility of these mixed esters and of their compatibility with various other 
resins have been established on triangular charts by Fordyce, Salo, and 
Clarke. Typical curves are shown in Figures 285 and 286. 



Figure 286. Solubility of cellulo^ acetate butyrate compositions in organic 
solvents and compatibility of the same compositions with ester gum. (Ester 
gum indicated in lower chart as per cent by weight of cellulose ester.) 
{Fordyce, Salo, and Clarke 


In Table 154 essential properties of “Hercose” AP, a lacquer-type 
resin containing about 31 per cent propionyl and 15 per cent acetyl, 
and of “Hercose” C, another lacquer-type resin containing 14-18 per 
cent butyryl and 32-36 per cent acetyl, are contrasted with those of 
nitrocellulose and cellulose acetate. 

Cellulose acetate butyrate containing from 35 to 40 per cent butyryl 
is especially suitable for molding powders. “Tenite” II possesses about 
13 per cent acetyl and 37 per cent butyryl. Cellulose acetate butyrate 
shows better weather resistance than ceUulose acetate, partly because of 
lower water absorption, partly because of better compatibility with 
highly water resistant and non-volatile plasticizers, and partly tecause 
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Table 154. Comparison of Certain Properties of Unplasticized Films of 
Various Cellulose Derivatives " 


Moisture Permeability 
(gm HjO/cm/cm^/hr at 22® satu- 

“Heroose” 

C 

Nitro- 

oelluloae 

Cdluloae 

Acetate 

"Hercoee” 

AP 

rated air) X 10“« 

Moisture Absorption, % (at 85% R.H., 

4.0-5.0 

2.4 

6.0-8.0 

4.1 

22®) 

Tensile Strength: Breaking load — 
kg/cm* (22® C, 60% R.H., 45 kg/ 

3.0~3.3 

3.1 

8.0 

3.2 

(25®) 

cm*/min loading rate) • 

400-550 

600-800 

500-600 

500-530 

Breaking Elongation 

3.5-4.0% 

4-6% 

2-4% 

7-11% 


of superior retention of larger amounts of plasticizers as illustrated in 
Figure 287. 

Table 155 compares the physical properties of the acetate and acetate 
butyrate where plasticized with the same materials. Incidentally, these 



resins are not compatible with each other and should never be mixed. 

The relationship between flow temperature and physical properties 
of a typical injection molding formula of “Tenite” II is shown in Table 
156. 

In molded applications, cellulose acetate butyrate is employed much 
as cellulose acetate. Typical military usee include molded bayonet scab- 
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Table 156. “Tenite” II — ^Formula 200 
(Bold face figures represent the critical limits) 
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Formvla WO has high flexural and tensile strengths, modulus of elasticity and elongation, and low water absorption and soluble 
matter lost on immersion. The flow most used is MS. Applications: adding machine keys, tail lamp lenses. 
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Figure 288. Tensile strength of sheets of cellulose triesters as a function of 
the number of carbon atoms in the esterifying acid. {Sheppard and New- 
some*®, after Hagedom and Moeller 
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bards, ammunition rollers, instrument dials, and blackout lenses for 
trucks. 

Unique uses of extruded cellulose acetate butyrate have been developed 
in brilliant monofilaments woven into fabrics and lace for ladies’ hand- 



and ATewsome*®) 

bags, millinery, and decorative ornaments ; in flat strips which have been 
interwoven for use in furniture upholstery; and in extruded transparent 
tubing. 

In 1944, cellulose acetate butyrate molding powders, in plain colors, 
were priced at 35 to 50 cents per pound. 
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Higher Esters of Cellulose- 

The latest new-comer to the ranks of moldable cellulose plastics is the 
propionate which is now manufactured from propionic acid derived from 
petroleum. The amount of plasticizer used in cellulose propionate formu- 



Figure 291. Relation between moisture regain at 26* of 
cellulose triesters, dried by evacuation at room temperature, 
and the number of carbon atoms in the esterifying acid. 
(Sheppard and Newsome^) 


lations is less than half the quantity required for cellulose acetate com- 
positions of similar flexural strength. Characteristics of cellulose pro- 
pionate plastic, available imder the name “Forticel,” have been described 
by R. H. Ball, Modem Plastics, 23, No. 4, 118 (Dec. 1946). 

Although not presently used in commercial plastics, higher esters of 
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cellulose have been investigated to some extent. The relationships be- 
tween tensile strength, elongation, and length of the fatty acid group in 
triesters prepared by action of the corresponding acid chloride upon cellu- 
lose in the presence of pyridine is shown in Figures 288 and 289. 

Figures 290 and 291 show similar relationships between structure, 
softening point, and moisture regain. 

Cellulose Ethers 

General Principles. The hydroxyl groups of cellulose are capable of 
etherification as well as esterification. The most important general pur- 
pose commercial ether is ethyl cellulose. Methyl cellulose is produced 
in much smaller volume for special purposes. Benzyl cellulose has been 
made in developmental amounts, but has not attained much recognition. 
Hydroxyethyl cellulose is manufactured in limited quantities for textile 
treating applications. Carboxymethyl cellulose, otherwise known as 
cellulose glycolic acid, is available for similar purposes, while the surface 
layers of fibers in cotton fabrics may undergo partial conversion to 
stearoxymethyl cellulose during the so-called “Zelan” treatment for water- 
repellence. Numerous other ethers and even mixed ether esters have been 
made experimentally, but are not manufactured at present. 

The general method used to produce ethyl, methyl, benzyl, and some- 
times hydroxyethyl cellulose is the same. It involves preliminary diges- 
tion of purified cellulo.se, from either cotton linters or wood pulp, with 
concentrated sodium hydroxide solution — usually in the order of 50 per 
cent or higher. Conversion to so-called alkali cellulose or soda cellulose 
occurs and excess water and sodium hydroxide are expulsed by pressing 
or centrifuging. The chemical nature of alkali cellulose has not yet been 
elucidated. It may be that some sort of addition compound is formed. 
Whatever the explanation, this product can enter into reaction with 
alkyl halides or sulfates in the sense of the Williamson synthesis, with 
elimination of the corresponding inorganic salt and formation of cellulose 
ethers. An excess of sodium hydroxide is always present; hence some 
hydrolysis of the alkylating agent to the corresponding alcohol occurs. 
The by-product alcohol so formed may, in turn, react with some halide 
to yield a dialkyl ether, especially in the presence of a large excess of 
alkali. Although these by-products are useful chemicals, they are often 
less valuable than the halides from which they come and their production 
interferes with etherification of the cellulose. Their formation, there- 
fore, should be held to a minimum. Hydrolysis of alkyl sulfates under 
etherifying conditions occurs more readily than that of alkyl chlorides, 
hence the latter are preferred in commercial operations. 

Reaction must be maintained as uniform as possible, a task which 
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presents difficulties because of the heterogeneity of the system. Where 
low degrees of etherification are desired, the vapor of alkyl halide is 
best circulated under pressure through loosely packed alkali cellulose. 
For higher degrees of etherification, agitation is required. Too vigorous 
stirring, however, especially at the beginning of reaction, causes ex- 
cessive formation of by-product alcohols by effecting hydrolysis of the 
chloride. 

Commercial operations are usually carried out in autoclaves at tem- 
peratures ranging from 80 to 160®, the time required varying between 
5 and 24 hours. After etherification is complete, the product is pre- 
cipitated, usually by hot water, washed free from salt, and then dried. 

The properties of the product are contingent upon four factors, namely: 
(1) the nature of the etherifying radical, (2) the extent of etherification, 

(3) the degree of polymerization or molecular weight of the product, and 

(4) the uniformity of etherification. 

The nature of the etherifying radical is, of course, readily controlled 
by selection of the proper halide. The relationships between softening 
point, moisture absorption, solubility in benzene and character of the 
alkyl group in ethers of about the same degree of alkylation are indi- 
cated by Table 157. 


Table 157. Comparative Properties of Cellulose Ethers “ 


Ether 

Average Number of 
Ether Groups per 
Glucose Unit 

Softening 
Point, ® C 

Moisture Absorp- 
tion, % at 19^, 
and 72% R.H. 
during 48 Hra 

Solubility 
in Benzene 

Ethyl cellulose 

2.16 

158 

3.001 

Insoluble 

Butyl cellulose 

2.28 

65 

1.673 

Soluble 

Amyl cellulose 

1.91 

45 

0.976 

Soluble 


The extent of etherification depends not only upon the time and tem- 
perature of reaction, but also upon the ratio of cellulose to alkali, water 
to alkali, and alkyl halide to cellulose. In particular, the number of 
ether groups present in the cellulose derivative depends to a marked ex- 
tent upon the amount of alkali used. Disubstituted ethers, for example, 
are produced by holding the alkali concentration constant at 30 to 35 
per cent. Most complete and uniform etherification can be obtained by 
repeated treatments with caustic and halide or by addition of alkali as 
reaction progresses in order to maintain constant concentration. Be- 
cause of the gaseous nature of methyl and ethyl chlorides, etherification 
with these reagents is customarily conducted in autoclaves which cannot 
be conveniently opened during reactimi for occasional addition of alkali. 
Hence, despite the fact that reaction usually begins more slowly at high 
alkali concentrations, a considerable excess of caustic, often as solid al- 
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kali, is used at the beginning so that enough reagent will be present at 
the end of the reaction to yield the desired extent of etherification. 

The softening points and solubilities of cellulose ethers vary markedly, 
depending upon the number of ether groups present. Figure 292 shows 
the relation of softening point to this factor in the case of ethyl and 
benzyl ethers, while Figure 293 indicates the connection between moisture 
absorption and degree of substitution of ethyl cellulose. 

In the case of methyl and ethyl ethers, low degrees of substitution 
result in alkali solubility; intermediate degrees in water solubility; and 
high degrees in water insolubility, coupled with solubility in organic 
solvents of increasingly non-polar character as substitution increases. 
Butyl and benzyl celluloses are insoluble in water regardless of the 
number of reacted hydroxyl groups. 

between Degree of Substitution and Solubility of 
Ethyl Cellulose®® 

Solubility 

Alkali (4-8% NaOH) 

Water 

Increasing swelling in (organic) polar-non- 
polar solvent mixtures 

Increasing solubility in the above type of sol- 
vent mixtures 

Increasing solubility in alcohol and less polar 
solvents 

Maximum solubility 

Rapid drop in alcohol solubility; soluble only 
in non-polar solvents 

The gradual increase in solubility of benzyl cellulose in non-polar 
solvents as substitution increases is shown in Table 159. 


Table 158. Relation 

SubHtitution 

Range 

About 0.5 
1.0 (0.8-1.3) 

1.4- 1.8 

1 . 8 - 2.2 

'2.2-2.4 

2.4- 2.5 

2.5- 3.0 


Table 159. Solubility Relations of Benzyl Cellulose®® 


Substitution per 
Gluooee Unit 

2.0 

2.1 

2.2 

2.3 


Bensene- 

Alcohol 

soluble 

soluble 

soluble 

soluble 


Bexuene 

partially soluble 
soluble 
soluble 
soluble 


Solubility In 

Toluene 

swelling 

partially soluble 

soluble 

soluble 


Xylene 


swelling 

swelling 

partially soluble 
soluble 


It has been pointed out that the reaction between alkali cellulose and 
alkyl halides occurs in a heterogeneous system. Smoother reaction would 
take place if a homogeneous solution of cellulose could be established. 
It has been found practicable to bring about such a condition by using 
concentrated (35 to 50 per cent) aqueous solutions of organic bases like 
trimethylbenzyl ammonium hydroxide which dissolve cellulose. Al- 
thou^ these reagents are too expensive for general industrial applica- 
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Figure 292. Softening point 
of cellulose ethers as a funo> 
tion of degree of substitution. 
(Lorand 



Figure 293. Moisture absorption of ethyl cellulose as a 
function of degree of substitution. (Lorand^) 




CELLULOSE PLASTICS 


691 


tion, they do afford a way of obtaining water-soluble ethers of a low 
degree of etherification. Ethers possessing only 0.6 to 0.7 methyl or 
ethyl groups per glucose unit are water-soluble if produced by this 
method, whereas it is necessary to introduce nearly twice this number 
by the soda cellulose process in order to attain water solubility. More- 
over, by use of these organic bases, it is possible to make a water- 



Figure 294. Relation between certain physical properties and the viscosity 
of 46.8--48.5 per cent ethoxyl (Hercules’ N-Type) ethyl cellulose. (Viscosity 
determined at 6 per cent concentration.) (Hercules Powder Company^) 


soluble grade of hydroxyethyl cellulose, a result which cannot be achieved 
with soda cellulose. 

The degree of polymerisation of cellulose ethers is directly reflected in 
the viscosity of their solutions and, consequently, establishes the practical 
limits for the solids content of lacquers based on these resins. This 
characteristic is regulated in part by the purification and pretreatment of 
the cellulose, although extensive molecular break-down takes place under 
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the conditions of all conunercial etherifications. Degradation of cellulose 
ethers can also be brought about by treating the finished products with 
mineral acids. 

The degree of polymerization of commercial grades of ethyl cellulose is 
from 200 to 560. 

Such mechanical properties as tensile strength, elongation, and flex- 
ibility are not greatly affected by the degree of substitution of a cellu- 
lose ether, but they, are markedly dependent upon its degree of poly- 



Figiire 295. Effect of tem- 
perature on viscosity of an 
aqueous 5 per cent solution 
of “Methocel,” medium vis- 
cosity type. 


Courtesy The Dow Chemical 
Company 21 


merization, i.e., molecular weight. This fact is shown in Figure 294 in 
the case of ethyl cellulose. 

Methyl Cellulose. Methyl cellulose is produced in several viscosity 
grades containing from 1.4 to 2.1 methoxyl radicals per glucose unit. 
The commercial product possesses the unusual distinction among hydro- 
philic colloids of being soluble in cold water, but insoluble hot. Wetting 
with alcohol assists aqueous solution. Upon heating, gelation occurs 
between 40® and 70®, the precise point being a function of molecular 
weight and concentration. Cooling resolves the gel. Figure 296 illus- 
trates the effect of heat upon methyl cellulose solutions. Inorganic salts, 
polybasic acids, phenols, and tonnins usually precipitate methyl cellulose 
from solution, but coagulation can often be prevented by addition of al- 
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cohol, ammonium thiocyanate, or glycol acetate. Solutions of methyl 
cellulose do not ferment or mildew. Methyl cellulose can be ingested 
without harm. It is excreted without assimilation and without any sub- 
stantial alteration in methoxyl content. 

Methyl cellulose is used as a thickening agent in the formulation of 
textile printing pastes. It is recommended as an emulsifying agent, ad- 
hesive, and water-soluble film former. Water-resistant films can be 
prepared by admixture of urea-formaldehyde or melamine-formaldehyde 
curable resins therewith. Methyl cellulose is also used as a thickening 
agent in various cosmetic preparations and dentifrices and as an impreg- 
nant and size for various types of paper. 

Ethyl Cellulose. Ethyl cellulose, the most important of the cellulose 
ethers, is available in flake form as Dow’s ‘'Ethocel” and Hercules’ ethyl 
cellulose. It is produced only in water-insoluble grades of higher degrees 
of substitution. Materials containing from 43.5 to 50 per cent ethoxyl are 
available. The most common possess 48.5-49.5 or 46.8-48.5 per cent, de- 
pending upon the manufacturer. This degree of etherification corresponds 
to ethylation of about 2.4-2.5 hydroxyl groups per glucose unit, a point 
at which optimum solubility in both polar and non-polar solvents is 
obtained. The theoretical ethoxyl content of the triether is 54.9 per cent. 
Substitution beyond 50 per cent, however, results in loss of solubility in 
polar solvents, such as ethanol. It has been noted in a preceding sec- 
tion that certain other properties besides solubility are also dependent 
upon the degree of substitution. 

Ethyl cellulose is available in several average molecular weight grades, 
or degrees of polymerization, as reflected and rated in terms of viscosity 
of their solutions in certain specific solvents at certain definite concen- 
trations. Viscosities are usually expressed either as centipoises of 5 or 
20 per cent solutions in mixed toluene-ethanol, or as falling-ball seconds 
of 20 per cent solutions in mixed benzene-methanol. The relation be- 
tween mechanical properties and degree of polymerization of ethyl cellu- 
lose has been discussed in a preceding section. 

Since its introduction into this country about 1935, ethyl cellulose 
has rapidly gained favor in both coating compositions and molded plas- 
tics because of several advantages which it possesses over other cellulose 
plastics. It is resistant to both weak and strong alkalies as well as dilute 
acids. It is unusally tough and flexible and, suitably plasticized, retains 
these characteristics even at temperatures as low as —40®. For any given 
flow qualities and rigidity, it requires less plasticizer than either cellu- 
lose acetate or nitrate, 20 per cent imparting properties to molding 
compositions similar to those obtained with 30 to 35 per cent of plas- 
ticizer with acetate or nitrate. Its range of compatibilities is con- 
siderably greater than that of either cellulose acetate or nitrate, almost 
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any of the usual ester type plasticizers and many oils affording satisfac- 
tory properties and being retained well. 

Numerous solvents can be used to dissolve it, as shown by Table 160. 
The influence of degree of substitution upon solubility in several liquids 
is illustrated in Figure 296. 


Table 160. Solubility of 46.8-48.5% Ethoxyl Ck>ntent Ethyl Cellulose in 
^presentative Organic Solvents " 


Bolventn 

6 g Ethyl Celluloee 

95 oc Solvent 

16 g Ethyl Cellulose 

84 00 Solvent 


Solubility 

Clarity 

Solubility 

Clarity 

Alcohols 

Methyl alcohol 

s 

Haze 

8 

Haze 

Ethyl alcohol 

8 

81. haze 

8 

Haze 

Propyl alcohol 

8 

81. haze 

8 

Haze 

Isopropyl alcohol 

8 

81. haze 

SW 

— 

Butyl alcohol 

8 

81. haze 

8 

Haze 

Amyl alcohol 

8 

81. haze 

8 

Haze 

Cyclohexanol 

PS 

— 

PS 

— 

Benzyl alcohol 

8 

Clear 

8 

Clear 

Diacetone alcohol 

PS 

— 

SW 

— 

Esters 

Methyl acetate 

8 

81. haze 

8 

Haze 

Ethyl acetate 

8 

81. haze 

8 

81. haze 

Propyl acetate 

8 

81. haze 

8 

81. haze 

Isopropyl acetate 

8 

Haze 

8 

Haze 

Butyl acetate 

8 

81. haze 

8 

-81. haze 

Amyl acetate 

S 

81. haze 

8 

81. haze 

Methyl ‘‘Cellosolvc*^ acetate 

8 

81. haze 

8 

81. haze 

“Cellosolve” acetate 

8 

81. haze 

8 

Haze 

Glycol diacetate 

8 

Clear 

PS 

— 

Benzyl acetate 

8 

81. haze 

8 

81. haze 

Cyclohexyl acetate 

8 

Haze 

PS 

— 

Methyl formate 

8 

81. haze 

8 

81. haze 

Ethyl formate 

8 

81. haze 

8 

81. haze 

Ethyl lactate 

8 

81. haze 

8 

81. haze 

Butyl lactate 

8 

Clear 

8 

81. haze 

Ethers 

Ethyl ether 

SW 

— 

8 

Haze . 

Methyl ‘‘Cellosolve” 

PS 

— 

PS 

— 

“Cellosolve” 

8 

Haze 

8 

Haze 

Butyl ' ‘ CeUosol ve ’ * 

8 

Haze 

8 

Haze 

“Carbitor» 

SW 


SW 



Ketones 

Acetone 

8 

Haze 

8 

Haze 

Methyl ethyl ketone 

8 

81. haze 

8 

Haze 

Dipropyl ketone 

8 

Haze 

PS 



Hexone 

8 

Haze 

8 

Haze 

Cyclohexanone 

8 

81. haze 

8 

81. haze 

Methyl cyclohexanone 

8 

dear 

8 

81. haze 

Miscellaneous Sdoents 

Diohbroethyl ether 

8 

Haze 

PS 



Anisole 

8 

81. haze 

s 

ffl. base 

Dioxane 

8 

81. haze 

s 

n. base 

Pine oil 

8 

CSwr 

s 


^^Hercoaor' 30 

8 

CW 

s 

C^ear 
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HydrooarboM 

Benzene 

S 

Clear 

S 

Clear 

Toluene 

S 

Clear 

S 

Clear 

Xylene 

s 

Clear 

s 

Clear 

Hi-fiash naphtha 

PS 

.■■■' 

PS 


Cyclohexane 

s 

Clear 

s 

Clear 

Tetralin 

s 

Clear 

s 

Clear 

Dipentene 

sw 

— 

PS 


Turpentine 

sw 

— 

sw 



Hydrogenated naphthas and pe- 

troleum distillates con- 





taining cyclic hydrocarbons 
(“Solvessos,” “Union” sol- 
vents, “ Shell ” solvents, 

“Solvsols,” etc.) 

PS 

— 

PS 



Petroleum ether 

I 

— 

I 



Hexane 

I 

— 

I 



V. M. & P, naphtha 

I 

— 

I 



“Varsol” 

I 

— 

I 



Chlorinated Hydrocarbons 

Methylene chloride 

s 

Clear 

s 

Clear 

Chloroform 

s 

Clear 

s 

Clear 

Carbon tetrachloride 

s 

Clear 

s 

Clear 

Ethylene dichloride 

s 

SI. haze 

s 

SI. haze 

Trichloroethylene 

s 

SI. haze 

PS 

— 

Pentachloroethane 

s 

Clear 

s 

Clear 

Mixed Solvents 

Benzene 80-methanol 20 

8* 

Clear 

s* 

Clear 

Toluene 80-ethyl alcohol 20 

s* 

Clear 

s* 

Clear 

Xylene 80-butanol 20 

s* 

Clear 

s* 

Clear 

Ether 66^-ethyl alcohol 33 H 

s 

Haze 

s 

Haze 

Ethyl alcohol 15-camphor 1 

s 

Haze 

s 

Haze 

Turpentine 70-butanol 30 

s 

Clear 

s 

Clear 

Dipentene 70-butanol 30 

s 

Clear 

s 

Clear 


Hydrogenated naphthas and pe- 
troleum distillates containing 
cyclic hydrocarbons ‘‘Solves- 
80S,” “ Union '' solvents, 

“Shell” solvents, “Solvsols,” 

etc.) 70-butanol 30 S* Clear S* Clear 

S-Soluble PS-Partly Soluble SW-Swollen I-Insoluble 

* These solvent mixtures are the most generally useful because they combine good 
clarity with low viscosity and are economical. Although many solvents produce slightly 
hazy or hazy solutions, the films obtained from these are clear in a majority of cases. 

Ethyl cellulose is compatible with certain natural resins such as de- 
waxed dammar, elemi, kauri, and rosin, and with oil soluble phenolics, 
ester gum, and alkyds modified with phenol and rosin. Its compatibility 
with other types of alkyds is limited. It is compatible with nitrocellu- 
lose in all proportions, a fact which permits its use with nitrocellulose 
lacquers as a pigment grinding base. It is, however, incompatible with 
cellulose acetate and acetate butyrate. It is not compatible with acrylates, 
vinyls, polystyrene, or polyisobutylene. 

Ethyl cellulose possesses low flammability. It also shows good reten- 
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tion of transparency upon aging, although crystal and light tints are not 
readily attained in molding powders. Some oxidative degradation, how- 
ever, occurs upon continued exposure to ultraviolet light or to tempera- 
tures in excess of 160®, Although color is pot affected thereby, em- 


SOLVENTS 

BENZENE 

TOLUENE 
XYLENE 
ETHYL ACETATE 
BUTYL ACETATE 
ACETONE 
METHANOL 
ETHANOL 
BUTANOL 

ETHYLENE OICHLORIDE 
CARBON TETRACHLORIDE 
ETHYL ETHER 



SOLUBLE 

ALMOST BBHHiUUa 
SOLUBLE BSSgSSt 


TRANSLUCENT |oooooo | 

SWOLLEN looSoSoK 

Courtesy Hercules Powder Co.88 


Figure 296. Effect of substitution on the solubility of ethyl 
cellulose in various organic solvents. The broadest solubility 
occurs in the region of about 46.8 to 48.5 per cent ethoxyl. (Teste 
made on 15 per cent solutions.) 


brittlement takes place so that ethyl cellulose formulations which are to 
be exposed to these conditions should be stabilized by addition of about 
.one per cent of an antioxidant. 

The density of ethyl cellulose is 1.14, lower than that of any other 
cellulose derivative and among the lightest plastics. 

Physical properties of unplasticized ethyl cellulose are listed in Table 
161. 
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Ethyl cellulose molding powders can be prepared by compounding on 
hot rolls or in heated Banbury mixers without the use of solvent — 
plasticizers and coloring materials being added directly. 


Table 161. Physical Properties of Ethyl Cellulose*® 


Specific gravity 

Refractive index 

Color 

Taste 

Odor 

Tensile strength, Ib/sq in (dry) 

Tensile strength, Ib/sq in (wet) 

Elongation 

Melting point 

Softening point 

Light transmission 


Moisture vapor permeability, g/sq cm/cm /hr 

Moisture absorption (80% relative humidity for 24 hours) 

Modulus of elasticity, Ibs/sq in 

Flexibility, Schopper double folds 

Hardness Index, Sward, % of glass 

Specific surface resistivity (ohms X 10“^°), 70 hours at 30® and 
78.7 relative humidity 

Dielectric strength (A.S.T.M. method) (10 mil film) volts /mil 

Dielectric constant 25®-1000 cycles 

Dielectric constant 25°“60 cycles 

Power factor 25®“1000 cycles 

Power factor 25®-60 cycles 


1.14 

1.47 

Colorless 

None 

None 

6000-15,000 

80-85% of dry strength 

10-40% 

190-200® C. 

140-150® C. 

Transparent down to 
2800A (passes sun- 
‘ light) 

6.4 X 10"< 

2 . 0 % 

1.89 X 106 
60-100 folds 
71% 

2000 

1500 

3.9 

2.6 

0.0025 

0.0030 


Because of their thermoplastic character, ethyl cellulose molding pow- 
ders are used principally for injection molding and extrusion, including 
wire coating. Typical properties of injection and extrusion grades of 
'^EthoceF’ plastic are given in Tables 162 and 163. 

Molding powders are available under the trade names “EthoceF^ and 
^Xumarith'^ EC. Prices averaged 52-54 cents per pound for plain colors 
in 1944. 

Ethyl cellulose plastics can be easily machined, swaged, and cemented. 

Sheets, film, and foil of ethyl cellulose, known especially under the 
name, ^^Ethofoil,^^ have entered the packaging field to a limited extent, 
as well as electrical insulation. Electrical properties of 10-mil ethyl cellu- 
lose films are listed in Table 164 and compared with cellulose acetate of 
similar thickness. 

The yield point and hence the hardness of unplasticized ethyl cellu- 
lose film is only slightly affected by the degree of polymerization of the 
resin, but elongation, flexibility, and toughness increase with viscosity. 
The effect of the amount of plasticizer upon the stress-strain curves of 
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Table 162. Properties of Injection Grades of '^Ethocer* Plastic" 


Property* 

Molding: 

IRr-H 

IR~MS 

A.S.T.M. Flow Rating 

H 

MS 

Injection Molding Temperature 

360® F 

330® F 

Injection Molding Pressure, Ib/sq in 

3500 

3500 

Apparent Volume of Granules, cu in/lb Approx. 

40 

40 

Specific Gravity, 70® F 

1.16 

1.16 

Mold Shrinkage, inches /inch 

.002 

.002 

Thermal: 

Specific Heat, cal/g/® C 



At 21® (70® F) 

0.3 

0.3 

At 149® (300® F) 

0.55 

0.66 

Distortion Temperature, ® F 

Heat Shrinkage, inches/inch, 70® to 170® F 

187 

165 

24 Hours 

.004 

.004 

7 Days 

.005 

.006 

Cold Shrinkage, inches/inch + 70 to — 40® F 
Mechanical: 

.001 

.001 

Tensile Strength, Ib/sq in 

9000 

7600 

Elongation, % 

4.7 

6.0 

Impact Strength (Izod), ft lbs /in notch 

8.2 

7.4 

Rockwell Hardness (superficial), in ball, 15 kg load 
Water Absorption, (24 hrs immersion at 70® F), % by 

85 

80 

weight 

1.6 

1.4 

Material Extractable by Water in Above Test 
Electrical: 

None 

None 

Dielectric Strength, volts/mil at .010 inch 

Power Factor 

1400 

1500 

1,000 cycles, % 

2.24 

2.85 

1,000,000 cycles, % 

Dielectric Constant, 

2.10 

2.70 

1,000 cycles 

3.67 

3.78 

1,000,000 cycles 

3.37 

3.20 


* Dow’s *'Lt Ethocel” possesses improved low-temperature characteristics. 


Table 163. Properties of Extrusion Grades of 

“Ethocer 

’ Plastic* 

Property 

ER-S 

ER— Si 

Molding: > 

A.S.T.M. Flow Rating 

S 

s« 

Extrusion Temperature, ® F 

360 

350 

Specific Gravity, 70® F 

1.16 

1.16 

Physical Properties: / 

Tensile Strength, Ib/sq in 

4500 

4200 

Yield Point, Ib/sq in 

3500 

3000 

Elongation, % 

45 

55 

Rockwell Hardness (Superficial), ball, 15 kg load 

86 

76 

Wet Strength, Ib/sq in 

4000 

3500 

Water Absorption (24 hrs^Ubmersion) at-70® F, % by 

weight 

1.5 

1.4 

Burning rate (A.S.T.M.), in/min 

1.2 

0.9 

Dielectric Strength, Volts/mil at .010 in 

— 

— 


lE-Sa 

Sa 

315® F 
3000 
40 
1.16 
.002 


0.3 

0.56 

158 

.007 

.009 

.002 

6000 

0.5 

8.0 

74 

1.3 

None 

1700 

3.80 

2.90 

3.98 

3.50 


£R<-S» 

Ss 

340 

1.17 

4000 

2200 

66 

68 

3000 

1.2 

0.9 
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Table 164. Electrical Properties of Ethyl Cellulose “ 


Property 

Dielectric strength (A.S.T.M. method), volts /mil 
Dielectric constant: 

1000 cycles 
60 cycles, 26® 

60 cycles, 100® 

Power factor, %i 
1000 cycles 
60 cycles, 26® 

Specific surface resistivity (conditioned 70 hr at 
78% relative humidity and 30°), ohms X 10“i® 


10-Mil Pilm 


Ethyl 

cellulose 

Cellulose 

acetate 

1600 

1400 

3.9 

5.7-7.0 

2.6 

— 

2.9 

— 

0.26 

0.50 

0.3 

— 

2000 

15 


ethyl cellulose films plasticized with certain phthalates is shown in 
Figures 297 and 298. 

Non-solvent type plasticizers, such as n-butyl stearate, result in an 
exceptionally large decrease in yield point together with somewhat de- 
creased elongation. Flexibility of ethyl cellulose is not greatly im- 
proved until considerable amounts — ^usually 40 per cent or more — of 
plasticizer is added if the latter is of the non-solvent type. Such plas- 
ticizers also sweat out to the surface on heating. 

Table 165 gives the properties of ethyl cellulose films, plasticized with 
various materials, after two weeks of heating at 70®. 


Table 166. Properties of Plasticized Ethyl Cellulose Films After Heating 

2 Weeks at 70° 


Yield 

Plaatioixer Point 

kg/aq cm 

Blank 470 

Triphenyl phosphate 330 

Tricresyl phosphate 360 

Diphenyl mono-o-xenyl phosphate 366 
Monophenyl di-o-xenyl phosphate 450 
Tri-o-xenyl phosphate 460 

Diethyl phthalate 420 

Dibutyl phthalate 380 

Diphenyl phthcdate 400 

Dimethoxyethyl phthalate 390 

Methyl phthalyl ethyl glycolate 430 

Ethyl phthalyl ethyl glycolate 400 

Butyl phthalyl butyl glycolate 366 

o,p-TolueneBulfonanilide 440 

Ethyl-o,p-tolueneBulfonainide 470 

Methyl abietate 660 

Hydrogenated methyl abietate 610 

Castor oil (AA oold^pressed) 326 

n-Butyl stearate 346 


15% Foil Heated 2 Weeks at 70® 


Elongar 

Tensile 

Approx. 

Uon 

Strength 

Plasticizer 

% 

kg/sq cm 

Loiwi % 

31 

635 

0 

25 

390 

0 

35 

600 

0 

35 

495 

0 

36 

580 

0 

36 

575 

0 

30 

520 

60 

46 

590 

20 

36 

570 

0 

36 

540 

50 

20 

480 

80 

30 

480 

60 

26 

400 

0 

30 

550 

10 

26 

626 

90 

4 

550 

— 

4 

610 

— 

38 

480 

0 

26 

406 

30 



O 5 10 15 20 25 30 35 40 

ELONGATION IN PER CENT 

Figure 297. Effect of amount of dibutyl phthalate on physical properties of 
ethyl cellulose film. (Plasticizer content in per cent by weight of 75 cps 
“Ethocel.”) {Bass and Kauppi 



ELONGATION IN PER CENT 

Fi^re 298. Effect of amount of diphenyl phthalate on physical properties 
(Plasticizer content in per cent by weight of 76 cps 
“Ethocel.») {Bass and Kauppi^) 




CELLVLOSE PLASTICS 701 

The various principles just discussed are of importance also in the 
formulation of surface coatings — one of the earliest applications of ethyl 
cellulose and still an important use. Such coatings are somewhat more 
sensitive to water than those of nitrocellulose, but this situation can be 
corrected by incorporation of other water resistant resins or waxes in the 
coating. They possess good color stability in sunlight. They are resistant 
to cold checking, one of the reasons for which ethyl cellulose is some- 
times added to varnishes based on other vehicles. 

Special uses of ethyl cellulose coatings include resin-treated fabrics 
and resin-coated yarns such as ‘Tlexon,’' artificial leather, and resin- 
finished paper. 

Ethyl cellulose is used as a grinding base for dispersing pigments in 
lacquers, enamels, and printing inks; not only in those utilizing this resin, 
but others as well, especially those containing cellulose nitrate. Excel- 
lent pigment dispersion in solid resin can be obtained on heated rubber 
rolls. The color chips are broken up and added to the lacquer. 

A product which was developed soon after Pearl Harbor is a highly 
plasticized, flexible, and more or less elastic material known as ‘^Ethyl 
Rubber.’’ Any one of many plasticizers, mostly oils, may be used to the 
extent of 40 to 60 per cent of the total composition. Castor oil appears 
to be preferred. These materials are unsuitable for use at higher tem- 
peratures because of their thermoplastic nature. Their use with solvents 
must be carefully watched, also, to avoid contact with liquids capable 
of dissolving either resin or plasticizer. Characteristics of a few ^^Ethyl 
Rubber” compositions proposed by Hercules Powder Company are listed 
in Table 166. 

Ethyl cellulose has been extruded on an experimental scale as “Etho- 
rayon,” but this variety of artificial silk has not been developed com- 
mercially. 

The unusual compatibility of ethyl cellulose with other resins and 
waxes has resulted in development of a hard, tough, heat fusible and 
reusable casting composition known under the name “Thermocast.” It 
has found use in forms employed in shaping aluminum aircraft parts. 
A similar product for use in the tooling field is available under the 
designation “Ethocel” TF (for thermoforming). This material is sold 
in a variety of colors with pour temperatures ranging from 340 to 395® F . 

Ethyl cellulose is also available under the trade-mark “Stripcoat” for 
application as a hot melt type of protective coating for the preservation 
of metal parts. The optimum temperature for the dipping tank in the 
use of this material is 376® F. Ethyl cellulose has been proposed as a 
binder for thermoplastic cloth laminates in such applications as air vents 
and fairings. 



Table 166. Some Characteristics of Hercules’ “Ethyl RuMter” Compositioiis ** 
SS 29 S3 SS S3 SS'* 
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Other Ethers of Cellulose. Benzyl cellulose has been made on an 
experimental scale in the United States, but it has not acquired industrial 
status, largely because the economics of production are not favorable. 

Hydroxyethyl cellulose, available under such trade-marks as “Cello- 
size” and “Sylsize,” can be obtained either by metathesis between eth- 
ylene chlorohydrin and alkali cellulose or by direct reaction of ethylene 
oxide upon cellulose itself. An alkali-soluble grade is produced under 
the trade name, “Ceglin,” and is marketed for use as a permanent finish 
for textiles. 

Carboxymethyl cellulose is available in the form of its sodium salt. It 
is sold for many purposes, especially for textile applications imder such 
trade names as “Carboxymethocel,” “Collocel,” and “CMC.” This 
product is also used to impart a fine texture to ice cream. 

Finally, it has been found possible to etherify partially the cellulose of 
woven cotton fabrics, thus rendering the goods water-repellent. First 
produced in England under the name “Velan” and now marketed here as 
“Zelan,” stearoxy-methyl-pyridinium chloride has found use for this 
purpose. When “Zelan”-treated cotton is warmed, reaction occurs readily 
and stearoxymethyl groups may be introduced into surface layers of the 
cellulose molecules. 

Regenerated Cellulose 

“There might be a way found out to make an artificial glutinous com- 
position much resembling, if not fully as good, nay better, than that ex- 
crement or whatever other substance it be out of which the silk-worm 
wire-draws his clew.” — Hooke’s "Micrographia,” 1665 

This theme was resurrected in 1734, by the French naturalist, de 
Reaumur, but another 150 years passed before Swann in England and 
de Chardonnet in France produced the first synthetic fibers in which 
nitrocellulose served as the “artificial glutinous composition” resembling 
natural silk. During the latter part of the nineteenth century and the 
first two decades of the present one, several cellulose derivatives were 
spun into artificial silk. Progress was at first slow because of many 
technical difficulties, as well as because' the filaments possessed poor wet 
strength and certain other adverse characteristics. In 1910 the Viscose 
Company began operation of the first American plant for the production 
of artificial silk, turning out 181 tons during the first year. A commit- 
tee of silk manufacturers appointed about that time to investigate the 
potential threat of this new material to its well established markets re- 
ported that artificial silk was so harsh in feel and so readily weakened 
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by water that there existed no possibility for it ever to find extensive use 
in the textile industry! 

Constant technologic advances, however, resulted in improvement of 
quality, attended by increased consumer demand. In 1924, a progres- 
sive department store official drew attention to the poor psychological 
impression produced by the term artificial silk and urged the adoption of 
a more euphonious name which would connote a new material instead 
of a cheap substitute. A committee representing producers of the yam, 
knitters, weavers, and the National Retail Dry Goods Association was 
quick to seize upon this suggestion and adopted the designation rayon, 
a word which had a pronounced effect upon public demand. 

With the passage of the years, other kinds of fibers, both semi-syn- 
thetic and synthetic, were introduced so that the Federal Trade Com- 
mission was called upon to define rayon as follows: “The word Rayon 
is the generic term for manufactured textile fiber or yarn produced 
chemically from cellulose or with a cellulose base and for thread, strands, 
or fabrics made therefrom, regardless of whether such fiber or yarn 
be made under the viscose, acetate, cupr ammonium, nitrocellulose, or 
other process.” 

The first successful form of synthetic fiber was developed in France 
in 1884 by Count Hilaire de Chardonnet. It consisted of strands of 
nitrocellulose produced by squirting a collodion-like solution through a 
spinneret and evaporating the solvent as it emerged on the outlet side. 
It was soon found that the high flammability of this material made its 
use extremely hazardous. Search for a method of eliminating this danger 
resulted in a process of denitration, brought about by passing the spun 
nitrocellulose into a dilute aqueous solution of alkali hydrosulfides at 
about 40°. Hydrolysis occurred readily and the product, often referred 
to as Chardonnet or nitro silk, was in fact a regenerated form of cellulose. 
It enjoyed popularity for many years, but other kinds of artificial silk 
gradually pushed it into the background. Manufacture in this country 
ceased in 1934. 

Another process for making artificial silk, likewise secondary today, is 
based upon the use of Schweitzer’s reagent, an ammoniacal solution of 
copper oxide, which readily dissolves cellulose. The solution is spun by 
passage through the usual spinneret into an acid bath which reprecipi- 
tates the original cellulose. This type of rayon was developed by a 
Frenchman, Despeissis, but is best known under the German names of 
“Glanzstoff” and “Bemberg silk.” “Bemberg” has also been produced in 
the United States for many years and is still currently available. 

By far the most important variety of artificial silk at the present 
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time is viscose, a product which was developed by the British chemists 
C. F. Cross, E. J. Bevan, and C. Beadle, who obtained the earliest patents 
in this field in 1862. Current production of viscose corresponds to about 



Courtesy American Viscose Corp, 

Figure 299. Placing pulp sheets in caustic soda steeping 
presses in the manufacture of viscose. 



Courtesy American Viscose Corp, 


Figure 300. Charging crumbing machine with steeped pulp. 

two-thirds of the total amount of rayon manufactured in the United 
States. 

The exact nature of the chemical reactions which occur during the 
manufacture of viscose is still uncertain. Operations begin with the 
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Figure 301. Crumbing ma- 
chine discharging alkali cellu- 
lose crumbs. 


Courtesy American Viscose Corp. 



Courtesy American Viscose Corp, 
Figure 302. Chum discharging cellulose xanthate crumbs. 
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formation of alkali cellulose as in the manufacture of cellulose ethers. 
Purified and bleached alpha-cellulose from wood pulp, usually sulfite 
pulp from spruce, fir, or western hemlock, is ordinarily employed, but 



1 Courtesy American Viscose Corp, 

Figure 303. Viscose spinning machines. 



Courtesy American Viscose Carp* 
Figure 304. Beaming viscose yam. Tirecord warp. 


cotton may also be used either alone ur admixed with wood cellulose. 
After steeping in 17 to 18 per cent caustic for a period ranging from 30 
minutes to 2 hours and at 15-20®, excess alkali solution is expressed until 
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the original cellulose is wet with only about twice its weight of liquor. 
During the steeping operation, approximately sixteen times as much 
caustic solution, by weight, as cellulose is employed. The wet, pressed, 
alkali cellulose is then shredded into hne crumbs which are allowed to 
age at 20-26° for two or three days. During this time, considerable 
molecular degradation occurs. The necessary quantity of carbon disulfide 
is then added to the alkali cellulose in a rotary chum or tumbling bar- 
rel, often called a baratte (French for churn), and these reactants are 
thoroughly mixed together at room temperature for 2 to 4 hours. Dur- 



Courtesy The Girdler Corp, 


Figure 305. Two tunnels powered by 'Thermex” high 
frequency unit. Rayon tire cord is twist-set this wpy in 
a process developed by Industrial Rayon Corporation. 

ing this process the temperature must not exceed 30° and reaction must 
not proceed so far that the crumbs tend to cake. The final product is 
brownish-red in color. It is cellulose monoxanthate. Its formation can 
be most simply expressed as follows: 

S 

[C.H. 04 ( 0 Na)]. + C& — »- [C.H. 04 ( 0 — C^^^Na)], 

Probably both alkali cellulose and cellulose xanthate are actually more 
complex than represented here. A trixanthate can be produced experi- 
mentally by using solutions of cellulose in organic ammonium hydrox- 
ides. 

The xanthate is now dissolved in sodium hydroxide solution, the re- 
sulting liquor being known specifically as viscose. It is allowed to stand 
at 15-20° for some time, usually from two to five days. This process 
is known as ripening. Here again the chemical reactions which occur 
are not clearly understood, but sulfur splits out from the viscose in the 
form of soluble inorganic sulfides and thiocarbonates, resulting in a 
decrease of the number of xanthate groups from an average of about 
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one for every glucose unit to about one for every four glucose units. As 
ripening proceeds, viscosity first decreases, then increases, and finally 
gelation occurs. Figure 306 shows this effect. 

After control tests indicate that ripening has progressed far enough, 
the viscose solution is filtered, subjected to vacuum to eliminate any 
bubbles which might be entrapped in the spinneret and interrupt filament 



Figure 306. Change in viscosity of wood pulp viscose 
during ripening at 26*. (Compton »*) 


formation, and then spun into a precipitating bath of acidic nature 
usually containing sulfuric acid and sodium sulfate, with or without other 
sulfates such as those of ammonia or zinc, and other additives such as 
glucose. Incidentally, some 40 million pounds of glucose are consumed 
every year in the manufacture of viscose silk. 

The spinnerets are usually constructed of platinum. The orifices in 
the spinneret vary from 0.002 to 0.003 inch, depending upon the deniw 
desired. All of the monofilaments issuing from a single spinneret aie 
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mechanically combined into a single thread of viscose rayon yarn. 
Numerous operations are then carried out, including desulfurizing, rins- 
ing, bleaching, washing, stretching, and drying. 

Control of the time and temperature of reaction and of the concen- 
tration of solutions, including the concentration of salts formed during 
the process as a result of the various reactions, must be carefully main- 
tained throughout the manufacture of viscose silk. 

Dull filaments can be produced by adding delustering agents such as 
titanium dioxide or certain oils to the viscose before spinning. 

High-strength viscose is manufactured by using cotton as the initial 
raw material and by orienting the molecular crystallites of the product 
by cold stretching. High-strength viscose rayon, such as “Cordura,’' is 
utilized for example in the manufacture of tire cord for heavy duty 
civilian and military motor vehicles, and in the production of fabrics for 
parachutes used in dropping flares and fragmentation bombs and in mine 
laying. 

In 1941, the total American production of rayon yam was slightly more 
than 450 million pounds, of which about 285 million was viscose. Ap- 
proximately 70 per cent of the viscose was delustered. It is of interest to 
note that only the manufacture of soap exceeds the viscose industry in 
the amount of alkali consumed annually. 

High-strength rayon produced by regenerating cellulose from acetate 
has been mentioned earlier in this chapter. 

Viscose has been used in the production of several other types of ma- 
terials which are now almost indispensable to modern living. Among 
these products, transparent regenerated cellulose sheeting, commonly 
known as cellophane, ranks first. The machine now used for casting cello- 
phane film was invented by the Frenchman, J. E. Brandenberger, in 
1911. A viscose solution is extruded through an elongated orifice onto 
a moving belt which quickly carries it into a precipitating bath of am- 
monium or sodium sulfate and dilute sulfuric acid. The regenerated cellu- 
lose film is subsequently passed through various washing, desulfurizing 
and bleaching baths. While still wet, it is conducted through a solution 
of glycerol. The latter is picked up by the cellophane and acts as a 
plasticizer. The film is finally dried by passage over heated rolls. It can 
be moisture-proofed by coating with a very thin film — about 0.00006 inch 
thick— of low viscosity nitrocellulose plasticized and compounded with 
natural resins and waxes and dissolved in an organic solvent. 

Moistureproof cellophane passes about 270 mg of water vapor per sq 
in per hr at 100® F. Strength characteristics at 60 per cent relative hu- 
midity and 70® F are given in Table 167. 
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Table 167. Relative Strengths of du Pont Cellophane and Other Papers" 


Materiia 

ThiekneM 

(inchai) 

Weight Required to 

Brei^ l^Inoh Strip 
(Soott Ma^ne) 

Bursting 
Strength 
(Mullen Tester) 

Cellophane 

0.00098 

Longitudinal 

direction 

(Ibe) 

16.7 

Transverse 

direction 

(lbs) 

7.3 

(Ibs/sq in) 

26.9 

Cellophane 

0.00141 

19.7 

8.8 

33.8 

Cellophane 

0.00193 

26.8 

13.2 

42.1 

Sulfite paper 

0.00162 

13.7 

7.7 

6.1 

All-rag high-grade paper 

0.00212 

22.6 

14.6 

21.6 

Sulfite bond paper 

0.00296 

43.0 

23.2 

24.9 

Extra high-grade paper 

0.00412 

73.1 

66.5 

84.4 


Water vapor and water-soluble gases readily diffuse through cello- 
phane. Sparingly soluble gases penetrate much less readily. Ammonia, 
for example, diffuses through it some 4000 times as rapidly as hy- 
drogen. 

Regenerated cellulose film was first produced in France in 1908. In 
1924 American manufacture began and its cost thenceforth decreased 
rapidly to its present level of about 33 cents per pound (41 cents for 
moistureproof material) which is about one-eighth of its 1924 price. It 
has been estimated that 1937 saw the production of 80,000,000 pounds 
of cellophane, a figure which has been greatly exceeded since then. About 
four-fifths of this amount was moistureproof ed. 

Regenerated cellophane film is available in several thicknesses under 
the names “Du Pont Cellophane,” “Sylvania Cellophane,” and “Sylph- 
rap.” Common gauges are 300, 450, and 600, corresponding to thicknesses 
of 0.(K)088, 0.0012, and 0.0017 inches, respectively. It is not only avail- 
able in colorless grades, but also in colors applied by dyeing with either 
direct colors or mordant dyes. It is embossed in “linen,” “silk,” “mo- 
rocco,” and other finishes. Wrapping and packaging applications of 
cellophane, legion in number, are well known and, during World War 
II, became as important in military as in civilian employ. 

Coated with an adhesive mass comprising rubber and various compat- 
ible resins such as rosin or hydrogenated rosin and coumarone or hydro- 
genated coumarone resins, cellophane is used in the manufacture of 
transparent pressure-sensitive cellulose tape like “Scotch Tape” and 
“Texcel.” 

Thin, transparait seamless tubing of regenerated cellulose is manu- 
factured under the name “Visking” for use as sausage casing which, al- 
though edible, is not assimilated by the body and is usually removed 
before eating. Since it does not stick, it is used in making skinless 
wieners. 

Cellulose sponge is made by stirring lumps of sodium sulfate into 
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solutions of viscose, coagulating, and washing out the sulfate. It also 
consists of regenerated cellulose. 

A recent development is ^‘Bubblfil,” a continuous string of gas-filled 
bubbles or cells of regenerated cellulose, each cell being joined to the 
one next to it, at either end, through a restricted solid area which forms 
the neck of each bubble. This material has been produced on a pilot 
plant scale and has found some use as a substitute for kapok in Army 
mattresses. It may acquire importance in civilian fields of upholstery and 
insulation, although it is subject to the objection that upon aging, espe- 
cially under pressure, deflation of the bubbles occurs. Embrittlement 
upon soaking in water and subsequent drying, probably the result of 
plasticizer loss, is a further defect which has prevented its use in life 
jackets. 
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Chapter 23 
Lignin Plastics 

Much has been written in recent years concerning the utilization of 
wastes from farm and forest in the manufacture of plastics. In this 
chapter attention will be directed only to those products which are based 
upon the lignin content of woody matter. The prodigious annual ton- 
nage of bagasse, cornstalks, cereal hulls, and wastes from lumbering and 
paper making operations is staggering indeed. In the discussion of 
plastics derived from these sources, however, fancy must be tempered 
with reason. The total volum6 of these wastes surpasses the entire pro- 
duction of the plastics industry by many fold. The properties obtainable 
in such plastics are limited by the inherent characteristics of the natural 
substances from which they are made and very definite limitations are 
thereby placed upon their general applicability. Furthermore, because of 
these limitations, their utility must in large part be predicated upon 
low cost, a factor which has to be directly reflected in cheap processing 
operations. Although the past quarter of a century has seen much re- 
search in the field of utilization of agricultural wastes, only a few plastics 
derived from these sources have as yet become commercial realities and 
their tonnage is small. Among them all, the most conspicuously success- 
ful products are those obtained from sulfite paper mill effluents. Here 
another incentive has been added to economic utilization of a waste, 
namely, elimination of objectionable or illegal stream pollution. Other 
lignin plastics have been made from digested and exploded wood chips, 
from soda and sulfate paper mill wastes, from redwood sawdust, and 
from bagasse, although the present commercial status of all these other 
products is not clear. Acid lignin is obtained in Europe as a by-product 
of wood sugar operations. A domestic West Coast project may result in 
American production of this by-product, but it is not used in current 
plastics applications. Each of these commercial materials will be dis- 
cussed separately, but a few words should be said about lignin itself. 

Lignin 

Chemical Nature of Lignin. The composition of wood varies accord- 
ing to source. Partial analyses of four types are given in Table 168. 
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Table 168. Composition of Wood • 
(per cent of dry weight) 



Redwood 

Western 

Yellow 

Pine 

Sugar 

Pine 

Live 

Oak 

Benzene extract 

0.34 

2.22 

2.84 

0.52 

Alcohol extract 

4.39 

1.49 

1.90 

4.52 

Soluble in cold 5% NaOH 

— 

— 



19.63 

Soluble in cold water 

— 

— 

— 

3.82 

Cellulose 

54.89 

57.72 

59.18 

47.47 

Lignin 

34.60 

29.47 

29.50 

21.14 

Pentosans not otherwise accounted for 

3.67 

3.49 

1.86 

1.97 

Mannan 

3.21 

6.37 

6.63 

0.00 

Galactan 

0.60 

0.78 

0.60 

1.56 


101.50 

101.54 

102.41 

100.63 


In general, some 60-60 per cent of dried wood is cellulose, about 20-30 
per cent is lignin, and the remainder is composed of alkali-soluble 
hemicelluloses, natural resins, tannins, fats, proteins, and small amounts 
of other substances. 

The fibrous structure of wood is afforded by its cellulosic content, 
while lignin, chiefly located in the secondary wall and partly in the mid- 
dle lamella, binds the cells together. It is not known in what form lig- 
nin occurs naturally, for all processes which separate it from cellulose 
are sufficiently drastic in their action to cause some chemical alteration. 
It may be combined with carbohydrates in some glycosidic manner. 

The chemical structure of lignin is still largely a matter of conjec- 
ture. Adding difficulty to constitutional problems is the fact that lignin 
varies according to source. Hard- and soft-wood lignins, for example, 
show distinct differences, so that they are probably not a single chemical 
species. Furthermore, it is likely that lignin from a given source is a 
mixture of several similar materials. Certain characteristic lignin re- 
actions have, however, been clarified sufficiently so that a partial elucida- 
tion of its structure has been made. Lignin is composed of carbon, hydro- 
gen, and oxygen, its carbon content varies between 62.4 and 64.3 per 
cent; its hydrogen content, from 5.4 to 6.1. 

Essentially, it appears to be composed of a number of C„ groups linked 
together through oxygen bridges and, possibly, carbon- to-carbon bonds 
to form a unit having a molecular weight of at least 840. Each of these 
groups possesses the carbon skeleton of n-propylbenzene and contains 
substituent oxygen groups in both side chain and nucleus. Nuclear sub- 
stitution is meta and para to the Cg side chain. The presence of methoxyl 
groups is characteristic of lignin, their content ranging from 14 to 21 per 
' cent according to source. Indeed, methanol obtained by wood distillation 
is reported to be derived exclusively from lignin. The methoxyl radicals, 



720 CHEMISTRY OF COMMERCIAL PLASTICS 

of which there appear to be four in each 840 unit, are meta to the 
side chains. Oxygen bridges or phenolic hydroxyls are para to the side 
chains. Each 840 unit appears to possess at least one free phenolic group. 
In every 840 unit there are also three or four other non-phenolic hy- 
droxyl groups which appear to be attached to the side chains. One of 
them is enolic. 

The presence in lignin of the aromatic groups mentioned above per- 
mits industrial preparation of vanillin, 

, from sulfite liquors. 

Destructive distillation of recovered lignin has been said to offer a 
source of tar richer in phenol and its homologs than coal tar, although 
this operation has not yet been commercialized. 

Catalytic and high pressure hydrogenation of lignin yields a liquid 
product which may serve as a source of various chemicals, including 
propylcyclohexane and various hydroxylated derivatives thereof, should 
a demand for these compounds arise. 

The hydroxyl groups of alkali lignin can be esterified with acid chlo- 
rides. Various esters have been prepared in this manner, but industrial 
uses for them do not appear to have been developed yet. 

Various color reactions have been proposed as a means of detecting 
lignin. Best known is the phloroglucinol reaction whereby a bright 
purple color is produced on spotting a lignin-containing material with a 
solution of phloroglucinol in concentrated hydrochloric acid. Whether or 
not this color is actually caused by lignin or by other substances associ- 
ated therewith is still a matter of dispute. In any event, lignin plastics 
derived from sulfite liquors do not give this color reaction, so that 
it is not reliable as a general means of identification. Methoxyl deter- 
mination appears to be the only reasonably satisfactory method for de- 
tection and estimation of these resins. In such analyses the presence of 
wood flour or other lignin-bearing fillers must be discounted. 

Several excellent reviews of the present status of the structure of 
lignin have been published and are listed in the references at the end 
of this chapter. They should be consulted for further details. 

Isolation of Lignin. Lignin may be separated from the cellulosic 
components of wood by three general methods, namely: 

(1) Hydrolysis of the cellulose to soluble carbohydrates by means of 
strong mineral acids, leaving lignin behind as an insoluble residue. Hiis 
process, which is utilized industrially in Europe for the manufacture of 
wood sugar, yields so-called “acid lignin.” Commercialization in the 
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United States has been proposed, but is not yet a fact. (A comprehen- 
sive symposium on “Sugars from Wood’^ appeared in Ind, Eng, Chem., 37, 
4-64 (1945).) Few commercialized plastics applications of acid lignin 
are yet known. Certain plastics from bagasse and coffee may perhaps 
fall in this group. 

A separational process similar in principle to the hydrolytic method 
was developed by Freudenberg, using cuprammonium solution to dissolve 
out the cellulose after preliminary hydrolysis with dilute acid. 

(2) Solution of the lignin by heating with an organic solvent — often 
hydroxylated, in the presence of a catalyst such as ferric chloride or 
hydrochloric acid. The cellulose is left behind, in this instance, as an 
insoluble residue. Some of the solvent used reacts with the lignin during 
this treatment and the product is named according to the extractant 
employed, for example methanol lignin, butanol lignin, glycol lignin, 
phenol lignin, etc. Alcohol lignins are not commercial products. Some 
more or less experimental bagasse plastics appear to belong to this 
general category. 

(3) Extraction of lignin from cellulose in aqueous solution by treat- 
ment with various inorganic reagents. This general procedure is very 
widely used by the three principal methods of paper making: the 
sulfite, sulfate, and soda processes. 

In sulfite mills, wood chips are digested at elevated temperature with 
acid sulfites of calcium, magnesium, or sodium. The lignin is leached 
away from the cellulose and passes into solution as a salt of ligno- 
sulfonic acid. 

In the sulfate or kraft process, wood chips are digested at elevated 
temperature with a five per cent solution of sodium sulfide and sodium 
hydroxide in the ratio of 1:2. The lignin passes into solution as a 
mixture of thiolignin and alkali lignin. 

In the soda process, the lignin is dissolved away from the cellulose by 
treatment with caustic soda at high temperatures and passes into solu- 
tion as alkali lignin. 

Plastics from Waste Sulfite Liquors 

The Marathon Corporation has pioneered in the manufacture of lignin 
plastics. Their source of lignin is waste sulfite liquor treated according 
to the Marathon-Howard process to precipitate lignosulfonic acid as a 
basic calcium salt. 

Waste sulfite liquor contains dissolved sulfur dioxide — ^both free and 
organically bound, lignosulfonic acid, and carbohydrates. The Marathon- 
Howard process makes use of fractional precipitation by means of 
calcium hydroxide. Fractionation is carried out in three steps, each of 
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which is followed by settling and decanting or filtering. Recourse is not 
bad to evaporation and both dilute and concentrated liquors can be 
handled in the process. In the first operation, milk of lime is added to 
precipitate free and loosely organically combined sulfur dioxide. Al- 
though a small amount of organic matter is brought down simultane- 
ously, it is relatively slight and the sludge, which is essentially precipi- 
tated calcium sulfite, is returned to the pulping operations where it is 
used to make fresh cooking acid. The pH of the decant from this first 
operation is about 10.5. Lignosulfonic acid salts and carbohydrates are 
left in solution. A second liming operation is carried out until the pH 
is raised to above 12, whereupon most of the lignin is precipitated as a 
basic calcium lignosulfonate. The organic product is filtered off and 
further treated for various purposes, including plastics manufacture as 
described below. The filtrate is again limed to remove residual ligno- 
sulfonic acid. The precipitate from this finah treatment contains a 
small amount of organic matter mixed with large quantities of lime. It 
is returned as a sludge to the initial recovery operation where it is used 
as precipitant. Its lignin content is thus recycled and recovered during 
subsequent treatments. The overflow, containing principally modified 
carbohydrates, is discarded. It is markedly improved over the original 
waste sulfite liquor from the point of view of stream pollution. 

The organic product, obtained as the result of the second liming 
operation in this process, amounts to about half of the initial organic con- 
tent of the waste liquor and contains principally basic calcium ligno- 
sulfonate. It may be utilized in several ways among which the most 
obvious is for a boiler fuel in plant operations. This use is economically 
feasible only in those locations where fuel is expensive and cost of lime is 
low. 

More judicious applications result from treatment of its aqueous solu- 
tions at a pH of less than 10, with salts of magnesium, sodium, or other 
metals. By double decomposition, such salts as the sulfates precipitate 
inorganic calcium compounds and leave behind aqueous solutions of 
magnesium, sodium, or other metal salts of lignosulfonic acid. 

Numerous salts can be prepared in this manner by varying not only 
metal, but also by controlling the hydrogen ion concentration during 
metathesis. 

With the exception of the basic calcium and lead salts, most of the 
lignosulfonates disperse in water to yield colloidal solutions under all 
pH conditions. The basic calcium salt can be dissolved in water under 
neutral or acid conditions. All of these-salts are insoluble in most or- 
ganic solvents. 
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Numerous uses for these lignosulfonates have been proposed and some 
of them have attained considerable industrial importance within recent 
years. 

Of special significance to the plastics industry is the treatment of 
the organic precipitate (from the second liming operation) by cooking 
with caustic soda under 176 pounds steam pressure, whereby it is chemi- 
cally altered. Vanillin and certain other identifiable organic compounds 
are produced, while at the same time much of the lignosulfonic acid is 
partially desulfonated and converted to a sodium salt of a more or less 
resinous acid which contains about one-third as much sulfur as the 
original product. The digested liquor is extracted with butyl alcohol to 
dissolve the vanillin, which is then processed further. 

By mineral acid precipitation of the aqueous solution remaining be- 
hind from butanol extraction, the sodium salt of partially desulfonated 
lignosulfonic acid is precipitated. It is soluble in both alcohols and 
phenols and can be used as an extender for phenolic resins in molding 
powders and laminating varnishes in amounts up to 50 per cent of the 
phenolic solids. It has enjoyed commercial use for this purpose to a 
limited extent, especially during the acute phenol shortage following Pearl 
Harbor. It may be incorporated with the phenolic resin either during 
manufacture of the latter or at a later stage. If introduced with the 
initial reactants, a somewhat larger amount of formaldehyde is re- 
quired than would normally be used because some reaction occurs there- 
with. Moreover, because of its slight acidity and buffering effect, a 
slightly larger amount of alkaline catalyst is required to bring about 
proper condensation. 

The merit of this material as an extender for phenolic resins is still 
a matter of opinion. Some manufacturers claim that its use detracts 
from the physical properties of the finished plastics, especially with re- 
spect to water resistance. The extent of this unfavorable behavior is 
uncertain. 

More useful plastics are obtained from the alkali digested liquor, by 
further digestion with wood chips. By this process, sufficient organic 
acids are liberated on hydrolysis of the wood to precipitate a lignin 
derivative upon the cellulosic fibers which can then be defibrated and 
sheeted on standard paper-making machinery. The brown sheets of 
lignin-enriched paper thus obtained can be stacked and laminated under 
heat and pressure in much the same manner as phenolic laminates are 
produced. Sheets used for laminating contain from 36 to 46 per cent 
lignin resin. Without addition of phenolic resin, but when suitably 
moistened with water or a plasticizing agent, the lignin content of these 
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Courtesy Marathon Corp. 


Figure 307. Dumping of the rotary digester used in 
making lignin-enriched chips. The stage illustrated here' 
is followed by mechanical defibration. screening, washing, 
and lapping on a regular pulp wet machine. 



Courtesy Marathon Corp. 

Figure 308. Sawing a two-inch slab of “Lignolite.” 
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sheets is thermoplastic. Upon laminating, curing does not occur and 
the cycles may be relatively short. In order to avoid driving out the 
plasticizing water during lamination, full pressure is applied before the 
platens are heated. Because of their thermoplastic character, lignin 
laminates of this type may be hot-formed. 

Laminated lignin plastics are made by the Marathon Corporation 
under the trade-mark ''Lignolite/’ They are available in natural black 
satin-finish or molded sandblast surfaces. By use of phenolic, urea, or 
melamine top sheets, these lignin plastics can be varied in color and in 
surface design. They may also be covered with various resin coatings. 

These laminates are easily machined. They are resistant to water, oil, 
grease, and dilute acids. They should not be used above 80®, for above 
this temperature, they tend to blister and delaminate. Physical and 
electrical properties are listed in Table 169. Electrical characteristics, in 
particular, are unusually good for this type of plastic. 


Table 169. Physical and Electrical Properties of ‘‘Lignolite,” Grade 130 *, t 


Specific Gravity 

1.40 

Specific Volume 

20.5 cu in per lb 

Tensile Strength 

7,500-12,000 lbs per sq in 

Compressive Strength 

25,000-35,000 lbs per sq in 

Flexural Strength — Edgewise 

16,000-20,000 lbs sq in 

— Flatwise 

16,000-20,000 lbs per sq in 

Impact Strength 

1.27-1.50 ft lbs per in of notch (Izod) 

Su^ace Hardness 

104 Rockwell M 

40 Brinell 

Maximum Heat Resistance 

4 hrs: 80° (176° F) 

Continuous: 70° (160° F) 

Moisture Absorption — 24 Hour Immersion 

Thickness in Inches 

He 

4-5% 

H 

3.0%-4.0% 

H 

1.5% 

H 

0.70% 

Dielectric Strength — Short Time Test 

Thickness in Inches 

Ms 

700-900 volts per mil 

H 

550-700 volts per mil 

H 

500-700 volts per mil 

Dielectric Strength — Step by Step Test 

Thickness in Inches 

Ms 

450-650 volts per mil 

H 

550-600 volts per mil 


350-500 volts per mil 

DieSbei^'io Constant 

5.0 

Power Factor 

0.035 

Loss Factor 

0.175 

Arc Resistance 

183-188 seconds 


* Manufacturers’ data. Marathon Corporation, Chemical Division, 
t These tests were made in accordance with accepted A.S.T.M. Methods. 
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Among the most important uses of lignin laminates are foundry pat» 
tern plates, plate sets for punching sheet metal, and switchboard and 
other electrical applications. Numerous uses have been made in the 
hardware and furniture fields. 

Lignin enriched paper sheets may be reinforced with 10 to 30 per 
cent phenolic resin by surface application of varnish to one side of the 
sheets or by impregnation before laminating. Improved water and heat 
resistance as well as uniform surface appearance can thus be obtained. 
Marked improvement of arc resistance over that of standard phenolic 
laminates is shown by plastics of this type. They exhibit an arc re- 
sistance of 150 seconds, for example, as compared with 5-10 seconds for 
typical phenolic laminates. Other properties are shown in Table 170. 


Table 170. Properties of Marathon Lignin Laminate ^^Lignolite,” 
Grade 230 Series 


Flexural Strength 
Impact Strength 
Flatwise 
Edgewise 
Water Absorption 
3^" Thickness 

K" “ 

He" ‘‘ 

Bonding 
Heat Resistance 
Arc Resistance 
Dielectric Constant 
Power Factor 
Dielectric Strength 
Step-by-Step 
Short Time 


10,200-13,320 lbs per sq in 

0.61-0.73 ft lbs per inch of notch (Izod) 
0.31-0.37 ft lbs per inch of notch (Izod) 

0.39 

0.72 

1.00 

3.00 

810—848 

116° (continuous) (246° F) 

167 seconds 
6.20 
0.034 

630 V per mil 
640 V per mil 


* Manufacturers* data. Marathon Corporation, Chemical Division. 


The lignin-enriched pulp, used as the starting point in the manu- 
facture of lignin sheets for laminating, may also be washed, dried, and 
ground to give a lignin enriched filler. Molding compositions may be 
made by incorporation of as much as 80 parts of this material with 20 
parts of phenolic resin. Even lower amounts of phenolic resin may be 
employed, but only by sacrificing flow characteristics. 

Impact resistanee is from 50 to 150 per cent higher than that shown 
by general purpose wood-flour filled phenolics. Good electrical prop- 
erties are maintained. 

Physical tests carried out at the Bureau of Standards upon molded 
samples of a lignin plastic reported to contain 23 per cent phenolic 
resin and 77 per cent lignin material of this type, together with about 1 
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per cent of metal stearates as lubricant gave the results listed in 
Table 171. 

The molding of shaped articles from preforms of lignin-enriched pulp 
has been investigated, but is not yet practiced commercially. 


Table 171* Properties of Molded Lignin-Phenolio Plastics ^ 


Specific gravity 
Flexural strength 
Impact strength, Izod 
Water absorption, 24 hrs 
(6 X 3 X H in specimens) 
Weight increase 
Dimensional increase 
Length 
Width 

Thickness 


1.37-1.44 Ibs/sq in 
9240-10,940 Ibs/sq in 
0.28-0.43 ft-lbs/in of notch 


0.41-0.43% 

0.03-0.07% 

0.00-0.07% 

0.00-0.4% 


Plastics from Alkali Lignin 

The soda and sulfate pulp processes have not offered so much incen- 
tive for recovery of by-product lignin as sulfite pulping, because eco- 
nomic operation of these paper-making methods depends on burning the 
wastes for their fuel value and for recovery and recycling of alkali. 
Stream pollution is therefore not encountered. Nevertheless, attempts 
have been made in a small way to derive profitable lignin products from 
the liquors of these processes. 

Alkali lignin can be recovered from the liquors of both soda and 
sulfate processes by precipitation with carbon dioxide. A material known 
as “Meadol” is obtained in this manner, as a by-product of the soda 
process, by the Mead Corporation. In its manufacture, the gravity of the 
soda black liquor is adjusted to 1.10, thereby assuring 19 per cent solids 
content, of which three-fifths is organic and the remainder inorganic, 
chiefly sodium carbonate. Carbon dioxide is passed through the liquor 
in a closed tank of 2000 gallon capacity, about 8 to 9 hours being re- 
quired for completion of precipitation; at the end of this time the pH 
reaches a value of 8.3 to 8.6. The alkali lignin is thrown out of solution 
in such a fine state of subdivision that it must be heated to 90“, then 
cooled immediately to 40“, with agitation, in order to permit filtration. 

The filtrate, containing the soda and about 70 per cent of its original 
organic solids content, is evaporated and incinerated for recovery of 
soda ash. The filter cake is blown out, washed with water, dilute sul- 
furic acid, and again with water. It is then blown once more, dried on 
a double drum drier, and pulverized. 

The moisture content of “Meadol” is 2-4 per cent; its ash averages 
1.0-1.3 per cent. It melts between 210 and 236“, or much lower in the 
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presence of appreciable quantities of moisture. Unlike the lignosul- 
fonates recovered from the sulfite process, this alkali lignin is insoluble in 
water and dilute mineral acids. It is soluble in dilute alkalies and in 
polar organic solvents, including organic acids, alcohols, and amines. It 
is insoluble in non-polar solvents such as petroleum naphthas. 

Alkali lignin has been used in small measure as an extender for 
phenolic resins, but the properties of the plastics thus produced are in- 
ferior to those of standard phenolic resins. It can also be used directly 
as a binder for fibrous fillers, but such products do not now appear to be 
manufactured. Outside of the plastics field, an interesting use of “Mea- 
dol” is as expander in the negative plate of storage batteries. 

Numerous esters of “Meadol” have been prepared, using acid chlo- 
rides as reagent. The lower aliphatic acids yield penta derivatives, the 
intermediate ones give tetra esters, while palmitic and stearic acids 
esterify only three hydroxyl groups per lignin unit. These products 
have not yet attained any commercial importance, although use of the 
stearate as a mold lubricant and component of printing inks has been 
suggested. Dibasic acids yield resinous products for which no use 
has been reported. 

The West Virginia Pulp and Paper Company has also produced small 
amounts of alkali lignin as a by-product from its sulfate pulping process. 

Plastics from Exploded Wood Chips 

For a few years following 1937, the Masonite Corporation manufac- 
tured lignin plastics under the trade-mark “Benalite” and uncured lignin 
sheets for laminating under the name “Benaloid.” The development of 
these products was an outgrowth of their earlier production of “Mason- 
ite” building board by explosion of wood chips and rebonding under 
simultaneous application of heat and pressure. By careful control of 
reaction conditions, it was found possible to convert all of the wood to 
a plastic condition which could be remolded. 

The operation used in the production of these lignin plastics consisted 
of charging guns of twelve cubic feet capacity with wood chips and 
treating the charge with live steam at 1200 lbs per sq in during a few 
seconds. This steam treatment caused acid-hydrolysis of the woody 
components because of the formation of formic and acetic acids by de- 
composition of the wood. Hydrolysis resulted in activation of the lignin 
so that it could serve as a resinous bond for the residual cellulosks fibers. 
The hemicellulosic content of the wood -was largely hydrolyzed to soluble 
sugars which were later removed, while the cellulose was scarcely altered 
chemically. After hydrolysis by super-heated steam had proceeded for a 
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suflScient length of time, the pressure was suddenly released and the 
hydrolyzed chips exploded as a result of the high internal pressure. 
Careful control of the cycle was necessary. Changes of a fraction of a 
second produced perceptible alteration in the properties of the product 
and a second might differentiate between success and failure. The com- 
plete round of charging the guns, steam-treating, exploding, and empty- 
ing required approximately one minute. 

The product from this treatment was a mass of ccllulosic fibers coated 
with activated lignin. The hydrolyzed hemicelluloses were washed out 
and the fibrous material worked up into heavy brown sheets on paper- 
making machinery. These lignin sheets were then laminated under heat 
and pressure in much the same manner as phenolic laminates. Indeed, 
the activated lignin produced by this method of manufacture appeared 
to possess certain characteristics of thermosetting resins, for once cured, 
^'Benalite'^ could not be disintegrated and remolded. Molding was car- 
ried out at 175® and 1500 lbs per sq in pressure in the presence of about 
4 per cent moisture as plasticizer. 

Because of the necessity of utilizing manufacturing equipment for 
certain products of a critical military nature, commercial “Benalite^^ 
operations ceased during World War II. Properties of the pre-war plas- 
tic are not listed here because it is said that they cannot be considered 
characteristic of future developments in this field. 

Plastics from Bagasse 

Following up work reported in 1931 by the Color and Farm Waste 
Division of the Bureau of Chemistry and Soils in Washington, the U. S. 
Forest Products Laboratory in Wisconsin has carried out extensive study 
of lignin plastics derived from wood by treatment with hydrochloric 
acid and by reaction and plasticization with phenols, aromatic amines, 
and furfural accompanied by digestion in the presence of steam. 

With these studies as a foundation, the Agricultural By-Products 
Laboratory at Ames, Iowa, applied similar methods of treatment to 
bagasse, obtaining promising results in the preparation of molding pow- 
ders. 

Dry bagasse contains about 18 per cent lignin, 45 per cent cellulose, 
and 15 per cent water extractives. The balance is composed mostly of 
hemicelluloses. Study of the preparation of lignin plastics by digestion 
with aniline under heat and pressure, in the presence of water, showed 
the following facts: 

(1) The amount of aniline employed should be from one-fifth to one- 
fourth the weight of dry bagasse. 

(2) Incomplete digestion results in production of molding powders 
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which stick in the mold. Digestion times of at least three hours cause 
complete hydrolysis of the materials responsible for sticking. 

(3) The amount of water used is reflected in the physical properties 
of the resultant plastic. A high water^to-bagasse ratio yields maximum 
strength, but low flow and poor water resistance. 

(4) Digestion. pressures also exercise an influence upon the physical 
properties of the product. They should be low for maximum strength, 
but high for maximum flow and water resistance. 

To date, the only commercial venture attempting to utilize these proc- 
esses appears to be that of Valentine Sugars in Lockport, La. This 
company has obtained licenses to operate under the public service pa- 
tents of the Forest Products Laboratory and is producing thermosetting 
lignin plastics on a developmental scale from bagasse under the trade 
name “Valite.” Many shortcomings of both powder and molded plastic 
were first encountered, leading to evolution of a molding powder pro- 
duced by combining two different bagasse products— one a filler, the 
other a resin — and then mixing them in suitable proportions. The bagasse 
filler is said to impart better properties to this resin than does wood flour, 
although it cannot be used satisfactorily in place of the latter with 
phenolic resins. Good flow, short curing time, absence of gassing, and 
good strength characteristics have thus been obtained. Molding com- 
pounds have been developed which, in 1/8 inch thickness, can be cured 
in one minute at 300-350“ F under 2000 lbs or more per sq in. 

These products are somewhat soft and flexible immediately after cur- 
ing and are said to be especially suitable for molding screw caps or 
other articles where stripping from an undercut mold is desirable. This 
post-cure flexibility does not cause distortion of the molded piece, nor 
does it reappear upon heating again to temperatures even as high as 
400“ F. 

“Valite” is still in the developmental stage. Standardization upon 
one or more specific resins has not occurred, hence no exact physical 
properties for commercial products can be quoted. Nevertheless, the 
characteristics given in Table 172, indicative of the properties to be ex- 
pected, have been published for four different experimental products of 
this general type, 

Other bagasse plastic developments include a laminating resin and a 
developmental thermoplastic molding compound. 

Redwood Plastics 

Redwood contains a particularly large proportion of alcohol- and 
benzene-soluble phlobaphenes and other materials. Table 173 shows 
the total extractives in redwood, according to source. 



Table 172.** Physical Properties and Characteristics of Four T3rpical Bagasse Plastic Compounds 
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Table 173. Relative Amounts of Extractives in Redwood “ 


Extractives Hesidue 

Heartwood 10.2 89.8 

Stumps 20.1 79.9 

Roots 32.3 67.7 


From 34 to 38 per cent of the residue is lignin, from 62 to 56 per cent 
is cellulose, while the remainder is chiefly hemicellulosic. 

The Pacific Lumber Co. of Scotia, California, has undertaken a long- 
term investigation of redwood waste conservation at the Institute of 
Paper Chemistry. As a result of these studies, it has been found pos- 
sible to produce several different types of plastics from redwood. 

The flour itself can be molded without any addition or alteration, for 
it is thermoplastic in nature. The greater the extractive content, the 
better the moldability. Flow is poor at best, and pressures of at least 
5000 lbs per sq in must be employed at temperatures in the order of 
320® F. Plasticizers such as glycerol or furfural improve flow, while 
a certain degree of water repellency can be imparted to the product 
by incorporation of a hardener such as hexamethylene tetramine. 

Redwood flour may also be used as a filler in large amounts with 
phenolic resins. Ratios of 3 parts of flour to 1 part of resin yield 
powders which can be molded, but physical properties, especially water 
resistance, of the molded article are poor. 

Redwood wastes may also be treated with steam, in somewhat the 
same manner as that used in making ‘^Benalite,'^ to yield a pulp which of 
itself can be molded and which is also capable of serving as a base for 
subsequent treatment in the production of plastics. The pulp itself is 
thermoplastic. If molded alone, therefore, molds must be cooled be- 
fore ejection. The molded articles are .sensitive to water vapor. They 
swell and become sticky in high humidities. Where admixed with 5 per 
cent of ^Winsol” or ^'Meadol,” properties are somewhat improved. 

Although none of the foregoing plastics are successful commercial 
articles, they pointed the way to development of thermosetting mold- 
ing compounds by chemical modification of cooked redwood pulp. De- 
tails of the process have not been completely revealed. It is not im- 
probable that it is based upon the work of the Forest Products Labora- 
tory mentioned in the preceding section. Especially useful products can 
be obtained by admixture with certain furfural resins. 

Two different thermosetting redwood plastics have appeared as com- 
mercial articles. “Shellerite,’' produced by the Sheller Manufacturing 
Corp., has been successfully used in large scale molding of steering 
wheels about a metal insert. ^^Colemorite,” made by the Vulcanized 
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Rubber & Plastics Co., can be not only molded, but also tubed and cal- 
endered. The nature of the resinous binder utilized in “Colemorite” is 
discussed in Chapter 26. 

Table 174 compares a few physical properties of different kinds of 
redwood plastics produced in the laboratories of iJie Institute of Paper 
Chemistry. 

Physical properties of “Shellerite” and “Colemorite” are given in 
Tables 175 and 176. 


Table 174. Comparison of Various Types of Redwood Plastics “ 


Tensile 

Type of Plastic Strength 

Ibs/sq in 

Stumpwood flour, plasticized 
and hardened * 6,450 

Stumpwood flour plus phenolic 
resin t 5,300 

Cooked pulp, alone 5,480 

Cooked pulp and alkali lignin t 6,700 
Thermosetting pulp molding 
powder 5,000 


Flexural 
Strength 
Ibs/sq in 

Impact 
Strength 
Unnotched 
Charpy 
ft Ibs/m 
of width 

Water 
Absorption 
24 hrs 
(A.S.T.M. 
D57a-42T) 

10.400 

1.0 

— 

7,500 

0.55-0.60 

2.5 

7,700-8,000 

0.58 

2.5-3.0 

8,000 

0.45 

2.0-2.5 


6,500 0.37-0.40 1.0 

* 91.5 pts. flour, 3 pts. glycerol, 5 pts. hexa, 0.5 pts. condensation black, 
t 74 pts. flour, 25 pts. ** Durez ” 114, 0,5 pts. calcium stearate, 0.5 pts. carbon black. 
1 95 pts. pulp, 5 pts. “Meadol.^^ 


Table 175. Properties of '‘Shellerite^* * 


Tensile strength 
Flexural strength 
Compressive strength 
Impact strength, notched 
Izod, ft-lbs/in of notch 
Rockwell hardness in 
ball, 60 kg load 


4700-4800 Ibs/sq in 
6000-7000 Ibs/sq in 
18,000-20,000 Ibs/sq in 

0.44-0.65 

B113-119 


* Manufacturers' data. Sheller Manufacturing Corp. 


Table 176. Physical and Chemical Properties of “Colemorite” * 


Molding Qualities 

Compression Molding, Temperature, ® F 

Compression Molding, Pressure, lbs per sq in 

Mold Shrinkage, inch per inch 

Specific Gravity 

Specific Volume, cu in per lb 

Tensile Strength, psi 

% Elongation 

Impact Strength (Izod), ft lbs energy 
Rockwell Hardness, 60 kg, point 

Tendency to Cold How 


2— li 

3B-^F5 

Excellent 

Excellent 

220-330 

300-350 

300-1000 

2500-4000 

0.0133 

0.007-0.010 

1.35 

1.40 

20.5 

19.1 

5220 

4500 

1.61 

1.40 

0.15 

0.14-0.16 

M85-M95 

M95-M100 

NU 

Nil 
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Table 176 — (ConHnued) 

2-L 

3B-F0 

Water Absorption, immersion — 24 hrs 

0.0-0.5 

— — 

Burning Rate 

Nil 

Nil 

Effect of Age 

Absorption in 1.30 Sulfuric Acid, 80^ F, 28 

None 

None 

days' immersion 

Absorption in 1.30 Sulfuric Acid, 160° F, 23 

0.52 

■■ 

days' immersion 

2.8-2.9 

— 

Nitric Acid, Sp. Gr. 1.126^ 16° B4 or 21.5% 
Hydrochloric Acid (cone.) Sp. Gr. 1.19 
Hydrofluoric Acid (48% cone.), Absorption — 

Attacked 

— 

Attacks slightly 

■ 

24 hrs 

3.30 

— 

Bromine Water, saturated, Absorption — 24 hrs 
Acetic Acid (glacial, 99.5%), Absorption — 

1.53 

■ 

10 days 

0.615 

— 

D~72 Developer, Absorption — 240 hrs 

0.39 

— 

Hypo Fixing Solution, Absorption — 240 hrs 

1.87 

— 

Effect of Weak Alkalies 

None — Slight 
Depending on 
alkali 

Slight 

Effect of Strong Alkalies 

Attacked badly 

Attacked badly 

Effect of Organic Solvents 

None t 

— 

Effect on Metal Inserts 

Inert 

Inert 

Machining Qualities 

(]k)od 

Good 

Clarity 

Opaque 

Opaque 

Color Possibilities 

Limited 

Limited 


* Manufacturers' data. The Vulcanized Rubber & Plastics Company, 
t Ketones are absorbed rather rapidly but without apparent surface defects. 


Coffee Plastics 

During the past few years considerable publicity has been given to 
plastics derived from coffee beans'. A plant has been erected in Brazil 
for conversion of surplus coffee crops into this new material, named 
“Caffelite.” To date, this plastic has not appeared upon the American 
market and it is said that plant operations in Brazil have not yet been 
attended with much success. 

A detailed analysis of Brazilian coffee beans has been reported as 
follows: 


Table 177. Chemical Composition of Brazilian Coffee Beans’’ 


Water 

12.0 

Reducing sugar 

1.0 

Fat 

10.0 

Sucrose 

6.4 

Soluble ash 

3.2 

Chlorogenic acid 

5.7 

Insoluble ash 

0.1 

Caffeic acid 

0.7 

Caffeine 

1,0 

Other waterHSolublea 

6.0 

Trigonelline 

1.0 

Alcohol extractives 

2.5 

Protein 

12.9 

Lignin 

4.2 

Cellulpse 

11.2 

Hemi(^ulo9e 

20.2 
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Because of the low lignin content, there may be some question as to 
whether or not these plastics should be classified as lignin products. 
Processing operations, however, remove oil, caffeine, and water-solubles 
so that the lignin probably amounts to at least 17 per cent of the residue, 
a fact which would seem to indicate that basically “Caffelite” should be 
considered an acid lignin plastic. 

The process of transforming coffee beans to “Caffelite” is essentially 
one of grinding, extracting oil and caffeine, hydrolyzing with water and 
an acid catalyst in an autoclave at 300° F, washing, neutralizing and 
drying the thermosetting molding powder which can then be compounded 
with lubricants, dyes, or other modifying additives. 

Manufacture of tile and wallboard as well as molding powder is con- 
templated. 

Lignin Plastics from Miscellaneous Wastes 

Much work has been done on the conversion of other wastes to plas- 
tics. Various nutshells, hulls, straw, corncobs, palmetto roots, etc. have 
been studied, but as yet there appear to be no commercial lignin plastics 
produced from these agricultural by-products, despite their availability 
in very large quantities. 

The approximate lignin content of a number of dried waste materials 
is indicated in Table 178. 


Table 178. Approximate Percentage CompoBition of Various Plant Materials ” 


Material * ' 

Cellulose 

Lignin 

Pentosans 


(%) 

(%) 

(%) 

Bagasse 

60 

22 

29 

Cornstalks 

38 

34 

28 

Corncobs 

71 

19 

32 

Barley straw 

49 

16 

32 

Oat straw 

44 

19 

23 

Rice straw 

46 

11 

22 

Rye straw 

36 

11 

20 

Seed flax straw 

65 

22 

20 

Wheat straw 

67 

7 

28 

Jerusalem artichoke tops 

— 

12 

16 

Jute 

75 

12 

18 

Hemp 

79 

5 

6 


* Considerable disagreement exists between \-ariou8 authors in the cases of some of 
these products. 
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Chapter 24 
Protein Plastics 


General 

All proteins are extremely complex high molecular weight condensa- 
tion products of a-amino acids. In a certain sense, therefore, they may 
be considered as natural plastics. Most of them, however, are far more 
useful as foodstuffs than as fabricated articles. Few will deny that a 
juicy beefsteak, for example, is infinitely more enticing than the most 
artistic button or buckle! Nevertheless, since the appearance of certain 
agricultural surpluses following World War I, there has been considerable 
activity in the development of semi-synthetic plastics from a few 
proteinaceous substances. Thus far investigations have been confined 
largely to proteins derived from skim-milk, soybeans, and com. In- 
dustrial use of casein is very definitely limited by the amount of skim- 
milk available as a by-product in excess of food requirements. In the 
case of zein, production is again of a by-product nature, for it is derived 
from gluten residues resulting from com starch manufacture. Although 
far from developed to their fullest extent, soybeans appear to offer the 
greatest potential source of industrial protein. They can be grown in 
unlimited quantities and contain approximately 40 per cent protein. 

Numerous other proteinaceous materials have been studied less in- 
tensively, both here and abroad, as sources of semi-synthetic plastics, 
but are of little significance today. Related substances like keratin from 
homy substances and even chicken feathers have received some atten- 
tion. Fabrics from the latter material and also from peanut protein are 
being produced on a developmental scale in this country. 

One of the earliest successful semi-synthetic plastics — ^antedated only 
by “Celluloid” — ^was developed from casein in 1898 during the course of 
an attempt to produce white slates for German school children. The 
product, known as “Galalith” from the Greek meaning “milk stone,” 
has enjoyed much popularity in Europe for innumerable applications, 
although offspring of the master race continued to use white chalk on 
gray slates for many years despite its discovery. The more rigorous 
climatic conditions of the United States have limited applications of 
this plastic to ornamental buttons, buckles, and costume jewelry, for 
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casein plastics are prone to develop surface cracks in an atmosphere of 
fluctuating humidity. 

Soybean protein is a much more recent article of commerce. Although 
the newspapers have led the public to believe that plastic automobiles 
from soybeans are just around the comer, the utility of this protein in 
molded plastics at present is, in fact, almost negligible. 

Zein, from corn, is a prolamine and therefore unique in many of its 
properties. It yields plastics which are aggravatingly close to desirable 
products, but this newcomer to the ranks of commercial proteins has thus 
far insisted upon retaining the undesirable characteristic of all other 
protein plastics — ^lack of water resistance. 

All three of these commercial proteins have found important uses in 
adhesives, paints, sizes, emulsifying agents, and extruded filaments. In 
most of these applications, full utility of the protein is developed only 
by hardening with formaldehyde or some other chemical. The pro- 
duction of plastics and allied materials from these proteins thus falls 
in the same category as the formation of water-insoluble glues from 
animal gelatin or isinglass and the tanning of hides to yield leather. 

Despite the considerable amount of research which has been expended 
upon these proteins, they are still relatively unimportant in the field 
of molded plastics, especially insofar as industrial applications are con- 
cerned. For the purposes of this text, therefore, a very brief and elemen- 
tary review of their present status will suffice. 

Casein Plastics 

Casein occurs in cows’ milk to the extent of some 3 per cent, being 
present in the form of calcium caseinate. It is separated from skim- 
milk, a process which can be carried out in several ways. Commercial 
methods involve either precipitation by an acid at the isolectric point 
(pH 4.6-4.7), or coagulation by rennin — extracted from the inner lining 
of the fourth stomach of young calves and lambs. The bulk of this 
protein is obtained by acid precipitation and finds its way into adhesives, 
fibers, paints, and coatings for paper and leather. In the manufacture of 
current plastics, only material prepared by the use of rennin and dis- 
tinguished by an appreciable ash content — ^not less than 7.5 per cent — 
is suitable. Moreover, the skim-milk so treated must be fresh, for if 
slightly soured the acid content is sufficient to detract appreciably from 
the merit of plastics produced from the coagulum. 

The structure of casein, like that of all other proteins, is as yet im- 
known. Its molecular weight has been estimated variously between 
12,800 and 192,000. It contains free amino groups and is composed of 
a-amino acids in the approximate proportions shown in Table 179. 
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Table 179. Approximate Percentage of Amino Acids in Milk Proteins * 
(Calculated to 16.0 Per Cent Nitrogen) 


Ainiiio Acids 

CaBcin 

Lactalbumin 

j9>Laeto- 

Qlobulin 

Whole Milk 
Cow 

Whole Milk 
Human’" 

Arginine 

4.1 ± 0.2 

3.5 ± 0.5 

3.1 

4.3 

5.0 

Histidine 

2.6 ± 0.3 

2.0 ± 0.3 

1.8 

2.6 

2.7 

Lysine 

6.9 ± 0.7 

8.0 ± 1.1 

10.4 

7.6 

7.2 

Tyrosine 

6.4 ± 0.4 

6.3 ± 0.1 

4.3 

5.3 

5.1 

Tryptophane 

1.8 ± 0.2 

2.3 ± 0.3 

2.0 

1.6 

1.9 

Phenylalanine 

5.2 ± 0.5 

5.6 

6.3 

6.7 

5.9 

Cystine 

0.36 ± 0.04 

3.0 ± 0.2 

3.6 

1.2 

3.4 

Methionine 

3.6 ± 0.3 

2.8 ± 0.2 

3.6 

2.8 

2.0 

Serine 

6-7 

4.9 




Threonine 

3.9 ± O.l 

5.3 

6.0 

4.6 

4.6 

Leucine 

12.1 

{15 

17.7 ± 4.2 


12.1 ± 3.9 

Isoleucine 

6.6 

6.6 ± 0.6 


6.2 ± 0.3 

Valine 

7.0 

4 

7.9 ± 1.4 


6.6 ± 1.5 

Glutamic Acid 

22.8 


22.1 



Aspartic Acid 

6.3 


10.1 



Glycine 

0.5 





Alanine 

5.6 

0-1 




Proline 

8.2 





Hydroxyproline 

2 






* Considered by Block and Bolling^ to represent the best balanced protein. 


From the point of view of plastics manufacture, the essential reaction 
of casein is its ability to form an insoluble and hard material upon 
treatment with formaldehyde. When a small amount of water is present, 
commercial casein is thermoplastic; treatment with formaldehyde de- 
creases its thermoplasticity. Numerous hypotheses have been advanced 
concerning the chemistry of the hardening reaction. Comparison of the 
properties of the initial and final products strongly suggests that cross- 
linking of linear chains occurs through introduction of methylene bridges. 

One of the earliest methods of manufacturing casein plastics, the so- 
called “wet^^ process, involved dispersion of acid-precipitated casein in 
alkaline solution, addition of desired dyes or pigments, coagulation with 
an acid or acidic salt, compacting under about 500 lbs per sq in, and 
hardening by immersion in aqueous formaldehyde solution over a period 
of several weeks or months. Modifications of this method include 
(1) direct coagulation of an ammoniacal dispersion of casein with 
formaldehyde and (2) treatment of an alkaline suspension of casein with 
acetaldehyde and an organic acid. Wet processes are no longer used in 
the production of solid plastics, but are essentially the basis of methods 
used in the fabrication of casein wool, in which an alkaline dispersion, 
admixed with such additives as carbon disulfide, is forced through a 
spinneret into an acid precipitating bath and is then simultaneously or 
subsequently treated with formaldehyde and other modifying agents. 
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Casein wool was first produced in Italy in 1936 under the trade name 
“Lanital” (Italian wool) by Snia Viscosa. Numerous plants for the 
production of “Lanital” under this and other names have been erected 
in several countries. In the United States, Whittier and Gould, chemists 
of the Department of Agriculture, developed a similar process inde- 
pendently, differing in details, at about the time that “Lanital” first 
appeared. Casein wool, developed by F. C. Atwood, in now produced in 
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Figure 309. In the manufacture of “Aralac,” ground casein is poured into 
the trap-door, thoroughly mixed in the machine in the foreground, treated 
with chemicals and heated in huge vats, left background. 

the United States, under the trade name “Aralac,” in excess of five 
million pounds a year. 

Casein wool has been widely used in blankets and clothing, especially 
in admixture with wool, and is said to have proved invaluable to the 
Italian army. In this country it has been employed not only in fabrics, 
but as a substitute for rabbits’ fur in felt. It can be dyed with the 
customary wool (acid) dyestuffs and is markedly inferior to real wool 
only in wet strength, a property which has already been ameliorated and 
which will probably be further improved. 

The manufacture of solid casein plastics is today carried out accord- 
ing to the so-called “dry” process by admixing rennet casein with some 
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30 to 40 per cent of water, together with suitable dyes, pigments, or 
color lakes, and extruding it with heat through a screw-type press in the 
shape of rods or tubes. By suitable use of pigments and by proper control 
of the introduction of colored slugs into the hopper of the extruder, bril- 
liant colors and striking color combinations, including beautiful marbled 
and tortoise-shell effects, may be obtained. If a sheet is desired, extruded 
rods are laid against each other and flattened in an hydraulic press. The 
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Figure 310. Concealed under the foam are four spinnerets. The four taffy- 
like strips are Aralac” fibers in one of the first stages of processing. The hand 
indicates relative size. The fiber undergoes many other processes before it is 
ready for market. 

resulting shapes are then cured by immersion in 4-5 per cent formalde- 
hyde solution over a period ranging from a few days to several months, 
depending upon thickness. After the formaldehyde has been given an 
opportunity to react completely, the treated articles are removed from 
the bath, seasoned to allow evaporation of water, and finally straightened 
if necessary between steam-heated platens under relatively low pres- 
sure. Casein sheets, rods, and tubes may be readily machined and fabri- 
cated into buttons, buckles, and ornamental jewelry. The finished plastic 
may be buffed to a smooth surface, but a more permanent and less ex- 
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pensive gloss can be imparted by immersion in sodium or calcium hypo* 
chlorite solution. 

Zn 1929, it was found i^at moistened casein, admixed with about 3 
per c^t of alum, could not only be extruded readily, but could also be 
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Figure 311. This is an unretouched photograph of “Aralac” 
fiber as it comes out of the spinneret. This action was 
simulated in a specially prepared glass case using a more 
transparent solution than normally, in order to reveal the 
operation. Liquefied casein enters the spinneret through 
the pipe, lower left, and under pressure is forced through 
thousands of holes in the spinneret. The white “tape” at 
the top actually contains thousands of strands of fiber. 


machined easily and even molded before hardening. Following this dis- 
covery, most of the casein plastics manufacturers in this country were 
consolidated with button producers and casein-alum mixtures are now 
extruded into rods and subsequently handled by (1) turning to shape 
on automatic machines and hardening; (2) slicing into preforms, harden- 
ing and turning; or (3) molding or punching in a hot mold and Oien 




PROTEIN PLASTICS 743 

hardening. The final operation in any case involves polishing in hypo- 
chlonte solution at about 90°. Because of the relatively thin cross-section 
of the buttons produced by any one of the processes just mentioned, only 
a few days are required to complete hardening and the entire period of 
fabrication usually amounts to less than a week. 



Courtesy Aralac, Inc, 


Figfure 312. In this apparatus, resembling a huge washing 
machine, chemicals used in the manufacture of ** Aralac” are 
recovered for re-use. At this stage, the “tow” is nearly ready for 
cutting into small lengths. 

• 

Although casein buttons are made by a number of companies, the 
quantity of casein plastics available in the form of sheets, rods and tubes 
is restrained. Domestic production appears to be confined almost entirely 
to the American Plastics Corporation, the trade-mark “Ameroid” being 
applied to their products. 
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To date, efforts to develop casein molding powders have been unsuocws- 
ful. 

The most serious objection to casein plastics is their lack of water 
resistance. After six weeks’ immersion, for example, they absorb about 
30 per cent of their weight of water. Cracks appear as a result of exposure 
to fluctuating humidity and temperature, so that these plastics cannot 
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Figure 313. From the revolving drum at the top, cut and 
finished ‘‘Aralac’* fiber drops down, ready to be baled and 
shipped to textile mills and other users. 

even be used for the manufacture of combs, an important continental 
application. Principal domestic uses are in costume jewelry, especially 
buttons and buckles. Typical physical properties are listed in Table 180, 
For a discussion of, the use of casein in adhesives, paper and leather 
coatings, water-dispersible paints, and miscellaneous applications, refer- 
ences at the end of this chapter should be consulted. ^ 

Soybean Protein 

The soybean appears to have been introduced into the United States as 
early as 1804. TVenty-flve years later a botanical record mentions its 
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Table 180. Properties of Casein Plastic ** 


Test 

Moldability in Compression Molds 
Fonmng Temperature, ® F 
Specific Gravity 
Machining Qudity 

Thermal Coefficient of Expansion, Linear per ^ C 
Heat Distortion Point, ® F (A.S.T.M. D648-41T) 

Heat kesistance, ^ F 

Water Absorption, 24 Hrs., % (A.S.T.M. D570-40T) 

Resistance to Indoor Aging 

Chemical Resistance 

Dielectric Strength, Short Time, V/M 

Dielectric Constant, 1,000,000 C/ycles (A.S.T.M. D160-41T) ^ 

Power Factor, 1,000,000 Cycles (A.S.T.M. D150-41T) 

Impact Stren^h, Izod, Milled Notch, ft Ibs/in (A.S.T.M. D256-41T) 

Compressive Strength, psi 

Flexural Strength, psi 

Tensile Strength, psi 

Elongation at Failure, % 

Modulus of Elasticity in Compression, psi 
Modulus of Elasticity in Tension, psi 
Rockwell Hardness (He" ball) 

Brinell Hardness (2.5 mm ball — 25 kg load) 


General Purpose 

Poor 

200 

1.34 

Good 

4. 1- 6.8 X 10-® 
300 

300-325 

7-14 

Hardens slightly 

* 

400-700 

6.15-6.8 

0.052 

1.0 

27.000- 53,000 

10.000- 18,000 
10,000 

2.5 

400,000 

5.1- 5.7 X 10* 
26.-28.5 

23 


* Resistant to weak acids and organic solvents 
Softens when exposed to weak alkalies 
Decomposes when exposed to strong acids or strong alkalies 


growth in New England. Little attention was paid to the plant, however, 
until after 1900 when its investigation was taken up by a few progressive 
fanners and agricultural laboratories. Much of the credit for the present 
importance of the American crop goes to the pioneering efforts of W. J. 
Morse and his director, the late C. V. Piper, both of the Bureau of Plant 
Industry in Washington. United States cultivation of soybeans is now 
exceeded only by China and Manchuria, production having jumped from 
4,947,000 bushels in 1924 to 106,712,000 bushels in 1941 and nearly 260,- 
000,000 bushels during the war years. 

Soybeans contain about 20 per cent of oil which finds its way into nu- 
merous industrial applications, including superior oil-modified alkyd 
resins. The oil may be obtained by mechanical expression, but this process 
is relatively inefficient for about one-quartei: of the original oil remains 
behind in the residual meal which goes into cattle feed or fertilizer. The 
more effectual way of obtaining soybean oil involves flaking and extrac- 
tion with a suitable solvent, usually commercial hexane. In this manner 
over 99 per cent of the oil is obtained, leaving a meal which can readily 
be used for further chemical processing. 

Soybeans also contain approximately 40 per cent of protein. This re- 
mains behind in the meal after extraction of oil and, either purified or 
in the form of crude meal, is used in adhesives, water paints, plastics, and 
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other industrial applications. Soybean adhesives are now extenavdy 
employed in the manufacture of plywood from pine and fir — ^an appiksa- 
tion pioneered by I. F. Laucks. 

Ground soybean meal may be used as a reactive filler in phawiBe 
molding compounds. In this application, although wood fiour is iiM 
added, the soybean meal permits a reduction in the amount of plMWcd, 
with attendant decrease in cost of plastic. The only publicized appfiea* 
tipn of this kind has been in some of Henry Ford’s molded automfllWSe 
parts, especially gear shift knobs, in which the phenolic molding mor- 
pound has been modified with about 25 per cent of soybean meal. 1137 
consumption of soybean meal by Ford for this purpose was reported M 
about 156 tons. 

Of considerable industrial interest at present from the point of •view 
of water soluble paints and adhesives, and of great potential interert in 
the fields of plastics and synthetic fibers is purified soybean protein wldeh 
can be obtained from the crude meal. The protein constitutes about SO 
per cent of solvent extracted meal, the remainder being largely carb^y- 
drate in nature. Essentially, the operations whereby soybean prot^ is 
removed and purified consist of treating the meal from hexane extractitm 
with ten to twenty times its weight of water, adding an alkaline material, 
such as sodium sulfite (0.1%) or a combination of sodium sulfite and 
sodium hydroxide, to effect solution of the protein, centrifuging or othCT- 
wise separating the insoluble matter, and precipitating the protein by 
means of an acidic substance added in such amount that the ultimate 
pH is adjusted to about 4.5. The product is then filtered and dried, la 
each of these operations, temperature control is important. Moreover, 
soybean protein is discolored by contact with iron so that careful s^e* 
tion of materials of construction is essential. 

It should, perhaps, be emphasized that in contrast to casein which is 
strictly a farm by-product available only in excess of food requiremeats, 
soybeans constitute a relatively inexpensive and unlimited source of pro- 
tein for industrial use. Both the variety of the plant and, to a less extent, 
the composition of the soil exercise an influence upon the protein content 
of the bean. 

Investigations by O. H. Brother and his associates at the U. 8. Regkmal 
Soybean Industrial Products Laboratory have resulted in the intereaih^; 
discovery that formaldehyde treatment of soybean meal or protein wttUB 
the isoelectric range of the latter yields a hardened product which «k- 
hibits thermoplastic characteristics. It is also of much practical, as nnsil 
as theoretical interest, that the watef-absorption of hardened protein is 
a minimum when hardening occurs within the isoelectric range, as shewn 
by Figure 314, 
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Hardening or tanning agents other than formaldehyde may be used 
for preparation of thermoplastic molding compounds from soybean pro* 
t^n, but are less satisfactory, (Acid casein can also be hardened to a 
thermoplastic material under conditions similar to those given for soy* 
bean protein. Rennet casein gives far less interesting properties from this 
point of view, while sein shows better thermoplastic characteristics with- 
cMit aldehyde treatment.) 

The thermoplastic proteinaceous materials listed above are not satis- 
factory for commercial molding operations because they can be plas- 



Figure 314. Variation in water ab- 
sorntion of hardened soybean protein 
with pH of hardening {Brother and 
McKinney 


ticized properly only with water-soluble plasticizers. Thermoplastic 
formaldehyde-hardened soybean protein, however, can be incorporated 
mechanically with phenolic molding compounds in ratios ranging from 
% to with or without added wood flour, to yield thermosetting mold- 
hig powders showing excellent flow and other promising characteristics. 

Ift ai^li4i0O; to the uses mentioned above, soybean protein can be fabri- 
cated into a textile fiber in much the same manner as casein. In the 
soybean fibers, the slightly alkaline solution of protein is 
prepmcd under suitable conditions of time and temperature and then 
ipw Into ao acid precipitating bath, usually sulfuric acid, containing 
fcmnnldehyde and a mineral salt such as sodium chloride or aluminum 
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sulfate. The precipitated fiber is stretched in order to effect molecolar 
orientation with consequrait improvement of strength. It is then treated 
for a relatively long time in formaldehyde to set it completely, cut to 
appropriate staple length, and dried under carefully controlled atmos- 
pheric conditions. 

Soybean fiber possesses a warm, soft feel and natural crimp. It ex- 
hibits only 80 per cent of the tensile strength of natural wool, but shows 
higher elongation when wet. It is less readily wetted than either natural 
wool or casein fiber. It is more resistant to moths than wool, and pos- 
sesses a specific gravity of 1.31. 

Ford operated a soybean protein fiber pilot plant for several years. 
The Drackett Company is now fabricating a similar material on a de- 
velopmental scale. R. A. Boyer has pioneered both of these developments. 
One of the important uses foreseen for this material is in the manufacture 
of upholstery fabric, probably admixed with wool or other textiles. 

Zein 

Zein is the most recently available commercial protein. It is found 
only in com gluten, a by-product of com starch manufacture, and ac- 
counts for about 70 per cent of the proteins or 30 to 36 per cent of the 
total weight of the gluten. Under present processing conditions, one. bushel 
of com yields, on the average, about one pound of zein, although its actual 
zein content is two or three times this amount. 

Zein differs from casein and soybean protein in that it is a prolamine 
and is soluble in aqueous alcohols. It appears to possess no free amino 
groups. It is manufactured commercially by counter-current extraction 
of fire-dried com gluten with 85 per cent aqueous isopropyl alcohol at 
66-60® during a period of 1.5 to 2.5 hours. The extract then contains 5 
to 6 per cent zein and about 1 per cent xanthophyll oil. It is cooled to 
15®, filtered to remove entrained and precipitated solids, and mixed with 
an equal volume of hexane, whereupon it separates into a two-phase solu- 
tion which is centrifuged. Most of the hexane, together with most of 
the isopropyl alcohol, practically all of the xanthophyll oil, and a slight 
amount of protein separates as the lighter phase, while the heavy phase 
consists of 60 to 65 per ce^t isopropyl alcohol containing about 20 per 
cent zein. The latter mixture is then flashed to remove traces of hexane 
and the residual aqueous isopropyl alcohol solution of zein ie pulnped 
through nozzles into rapidly moving water, refrigerated to 60® F, at a 
10 to 1 dilution ratio. The protein is thus coagulated and .the 
alcohol removed. The zein is then filtered, washed, and fiai^-dried* 

Although 86 per cent isopropyl alcohol is utilized in this process, ^ 
per cent ethanol can also be. employed. Methanol possesses insuffideat 
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solvent power and promotes denaturation of the protein. Higher alcohols 
also possess poor solubility with respect to zein. Principal difficulties 
which must be overcome in this process are (1) a tendency toward 
denaturation (insolubilization) of zein solutions and (2) formation of a 
dough-like mass of wet zein at temperatures above 36 to 38®. Both of 
these troubles can be remedied by careful temperature control throughout 
the operations. 

Although insoluble in water, zein is sensitive to it and is swelled 
thereby. It is stable to heat in the dry condition, but is easily denatured 
in the usual solvents upon heating or long standing. For each zein con- 
tent, there is an optimum alcohol concentration for maximum stability. 
For example, 30 per cent zein solutions show maximum stability in 
ethanol of about 87--88 per cent by volume. Above and below this figure, 
stability is poorer. When rosin is added, stability increases with alcohol 
concentration. Denaturation is promoted by methanol regardless of its 
water content. Denaturation is autocatalytic. Zein dissolves in fur- 
furyl- and tetrahydrofurfuryl-alcohols, in ethylene glycol and some of 
its derivatives, in mixtures of aromatic amines and alcohols, and in 
aqueous aliphatic alcohols and ketones. Certain organic acids and 
phenols are also solvents for zein. 

Zein can be hardened, although slowly, with formaldehyde, especially 
under the influence of heat. Various materials inhibit cure, while others 
catalyze it. Ammonium salts, especially ammonium chloride, are the best 
catalysts. It is noteworthy that ammonium thiocyanate is particularly 
active, while the corresponding sodium salt is without effect. Other 
catalysts include acids and acidic salts of organic amines. From 2 to 
8 per cent of formaldehyde will cure zein. Thin films may be heated two 
hours at 70®, or 15 minutes at 130® to bring about hardening. In general, 
the cured product exhibits higher tensile strength, better resistance to 
chemicals including water, greater flexibility, and higher softening point 
than the corresponding uncured material. Formaldehyde, does not cure 
zein appreciably under neutral or alkaline conditions. Plasticized with 
such polar liquids as dibutyl tartrate or polyethylene glycols, zein can 
be converted into solid plastics, either with or without formaldehyde cure. 
The products vary in character from flej^ible films to rigid molded ar- 
ticles and rubber-like materials. All these substances possess water sen- 
sitivity which is attributable to both the protein and plasticizer. No 
thoroughly satisfactory plasticizer has yet been found for zein. Fatty 
acids containing 8 to 12 carbon atoms, dimerized fatty acids from soy- 
bean oil for example, fatty acid amides, mono esters of azelaic and se- 
bacic acids, and diglycol phthalate have all been used to plasticize this 
protein. 
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The coating of paper to impart resistance to scuffing and grease, and to 
give gloss, decorative effects, and heat^sealing qualities, represents an im* 
portant commercial use of zein which, for this purpose, may be applied 
either as a hot melt or in solution. A typical coating formula consists of 
100 parts of zein, 80 parts of hydrogenated rosin, 40 parts of soybean fatty 
acids, 150 parts of denatured alcohol, and 25 parts of water. Coatings laid 
down from such a solution may, for example, be used to give protection 
against grease penetration to food wrappers. Zein has also been used to 
treat paper for other purposes. Pulp molded articles are made more rigid 
by dipping in an alcoholic solution of zein, with or without rosin, Papei> 
board, impregnated with an alcoholic zein solution and temporarily 
plasticized with lactic acid has been used in molding bottle caps and 
novelties. Zein-rosin mixtures have been added to paper stock in the 
beater to form a sheet having plastic molding properties. 

An important application of zein is in the manufacture of shellac sub-^ 
stitutes such as “Zinlac,’' “Kienle,^’ ‘^Melite,^’ ^^Mantrose,” and ^^Chem* 
lac.” These products are stabilized solutions of zein and rosin or various 
resins in aqueous alcoholic media. A typical shellac substitute may con- 
tain equal amounts of zein and rosin, together with smaller amounts 
of various synthetic resins to increase shelf life. 

Other developments are overprint coatings and adhesives containing 
zein. 
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Chapter 25 

Polymeric Organosilicon-Oxygen Compounds 

History 

Silicon and oxygen are the two most abundant elements in the earth’s 
half-mile crust, being present to the extent of about 26 and 50 per cent, 
respectively. Silicon does not occur free in the elemental state. It was 
first isolated in amorphous form by Berzelius in 1823 and later as a 
crystalline allotrope by Saint Claire Deville in 1864. Silica and the in- 
organic silicates have been known and used since the dawn of time in 
a host of indispensable ways. Recent years have seen a gradual awaken- 
ing of industrial interest in the organic esters of silicic acid. In 1944, 
the veil of wartime secrecy was lifted to announce the industrial avail- 
ability of "silicones.” The potentialities of these new organo-silicon oxide 
condensation polymers have been indicated by the wide variety of ma- 
terials which have already been produced. Silicone products include 
liquids, compounds, resins, varnishes, lubricants, and elastomers, all 
characterized by a higher order of heat stability than conventional or- 
ganic materials in the same physical form. 

In 1863 the Frenchman, Wurtz, postulated a polymeric structure for 
silicic acid, comparing the repetition therein of the same structural 
group, joined through oxygen, with the similar situation which exists 
in polyglycols. Three years before then, Hofmann had suggested the 
use of ethyl silicate to prevent stone decay in Westminster Palace. Be- 
cause chemical knowledge of this compound was then meager, Hof- 
mann’s idea proved impracticable at the time, but later studies have led 
to commercial application of hydrolyzed ethyl silicate as an impregnant 
for decreasing the porosity of stone, brick, and concrete, thereby im- 
proving resistance to spalling and crumbling on weathering. 

More recently, ethyl silicate and its hydrolysis products have been 
recommended and used to some extent as a. paint medium. This applica- 
tion, developed by King and Threlfall in England, attracted interest dmr- 
ing the ’thirties. It was then found that hydrolyzed ethyl silicate im- 
proved the adhesion of various resin films to glass, especially enhancing 
resistance of the bond to water. Originally reported by Van Heuckeroth 
in conjunction with nitrocellulose, it was soon discovered that partic- 
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ularly interesting results were obtainable by incorporating partially 
hydrolyzed ethyl silicate with polyvinyl acetate or polyvinyl acetals such 
as the butyral. Observations of this kind at Mellon Institute led Mc- 
Gregor and Warrick to application of ethyl silicate in the formulation 
of adhesives for glass brick. 

The advent of ^Tiberglas’' created a need for a heat resistant plastic 
or coating material for use in conjunction therewith in electrical insula- 
tion. ‘Tiberglas’* and other inorganic insulating materials, including 
vitreous silica, quartz, mica, asbestos, ceramics, etc., are principally built 
on a framework of silicon and oxygen atoms. This need for a heat re- 
sistant varnish applicable to these substances was fulfilled by silicones 
as a natural outcome of research in glass at the Corning Glass Works 
and their search for a transparent plastic based on organo-silicon-oxygen 
compounds. 

Studies in condensed organic silicates at Mellon Institute led to the 
discovery of other silicone products, both fluid and elastomeric, at Com- 
ing’s Technical Glass Fellowship there. At the General Electric Com- 
pany, interest in heat-stable, substantially inorganic insulation led in- 
dependently to intensive development of silicones. 

Silicones, a new class of insulating materials, resulted from funda- 
mental research in the field of polymer chemistry bounded on the one 
hand by the organic plastics and on the other by the glasses and mineral 
silicates. 

Commercialization of these interesting and novel products followed 
by the Dow Corning Corporation and the Resin and Insulation Depart- 
ment of the General Electric Company. 

Organosilicon compounds were first studied in the laboratory by 
Friedel, Crafts, and Ladenburg between 1871 and 1874. Other inves- 
tigators later worked in this field, but the major theoretical contributions 
were made by Kipping and his collaborators at the University of Notting- 
ham in England. In 1904, Kipping discovered that Grignard reagents 
could be utilized in the preparation of organosilicon compounds. From 
then on, during the next three and a half decades, his school prepared 
and studied a large number of these substances, including many low 
polymeric condensation products. Kipping and his students tried to pre- 
pare the silicon analogs of the common organic derivatives, but they 
found the analogies few and the differences many — so many, in fact, that 
they laid the foundation for a large and growing field of chemistry. 

The crux of modem silicone development is to be found in the basic 
work on the high polymer chemistry of silicones initiated during the last 
decade by J. F, Hyde and his associates at the Coming Glass Works and 
by R. R. McGregor and E. L. Warrick at Mellon Institute. E. G. Rochovr 
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and his associates at the General Electric Company have also oon> 
temporaneously made important contributions to this field. 

Chemistry 

Although silicon can replace carbon in certain structures, the silicon- 
to-hydrogen bond is much less stable than that of carbon-to-hydrogen. 
Some silicon hydrides oxidize so readily that they take fire spontaneously 
at room temperature or slightly above. They also lose their hydrogen 
completely on treatment with aqueous solutions of alkalies. In both of 
these reactions, and in many others which silicon compounds undergo, 
the end-product is silicic acid which 'dehydrates to silica wherein ex- 
tremely stable silicon-to-oxygen bonds are built up into a complex 
tridimensional polymer. 

The silicon-to-silicon bond is also much less stable than that of carbon- 
to-carbon. Its instability increases with the number of silicon atoms 
which are joined to each other, so that silicon analogs of hydrocarbons 
containing more than six silicon atoms united to each other have not 
yet been isolated. The silicon-to-carbon bond, on the other hand, is an 
exceptionally stable one provided, at least, that the carbon atom is a 
member of a lower aliphatic or aromatic radical. Silicon tetramethyl, 
for example, is a liquid boiling at 26”. It is so stable that it can be 
purified by shaking with concentrated sulfuric acid. Although it burns 
readily and its flash point is below 16” F, yet it can be heated in the ab- 
sence of oxygen to several hundred degrees Centrigrade without decom- 
position. It is also reported that silicon tetraphenyl, a crystalline solid, 
can be sulfonated or chlorinated in the ring without affecting the Si— -C 
bonds and can be distilled at red heat without decomposition. 

In view of these facts, useful end-product organosilicon compounds 
thus far known contain silicon atoms attached only to carbon and oxygen. 
In order to create these bonds, however, it is usually necessary to pass 

through intermediates possessing the labile ^Si — Cl group. 

Silicon chlorides hydrolyze readily with water and undergo reaction 

with alcohols to form ^Si — 0 — ^R. Ethyl orthosilicate, Si(OC 2 Hg) 4 , for 

example, is produced by reaction of silicon tetrachloride and absolute 
ethyl alcohol. Higher alkyl silicates can be obtained by ester inter- 
change, as by reaction of ethyl silicate with tetradecanol. 

The alkyl esters of silicic acid can be readily hydrolyzed by reaction 
with water. For useful commercial applications of ethyl silicate predi- 
cated upon its ability to hydrolyze, alcoholic solutions of this ester are 
prepared and water is added in the amount theoretically required to 
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carry out the desired degree of hydrolysis. A catalyst is preferably added ; 
hydrogen chloride is particularly effective, but many other chemicals 
are also applicable. Hydrolysis occurs with simultaneous polymeriza- 
tion, the average polymer size being controlled by the amount of water 
used and by the conditions. The dimer formed as the first product has 
the structure: 
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The --781 — Cl bond reacts readily with water, forming the correspond- 
-OH. Depending on the structure of the silicon chloride 


Higher polymers are obviously more complex. The final product of 
hydrolysis is silicic acid which dehydrates to silica. 

— g 

ing silanol, ^Si- 

and the conditions of reaction, the silanol may be either a relatively 
stable product or an unstable intermediate which condenses at once to 
polymeric bodies. Where silicon tetrachloride is utilized, the product 
is silicic acid, the same material as that obtained by complete hydrolysis 
of ethyl orthosilicate. Where one or more chlorine atoms in silicon tetra- 
chloride are replaced by alkyl or aryl groups, silanols or their conden- 
sation products are formed. Thus, where the silicon halide possesses 
only one chlorine atom per molecule, it yields an intermediate silanol, 
RgSiOH, which undergoes dehydration to the corresponding disiloxane, 
RjSi — O — SiRg. Where the halide possesses two chlorine atoms per mole- 
cule, it hydrolyzes to an intermediate silanediol, RgSifOHlg, which is 
capable of condensing either to cyclic structures of which the simplest 
one is the six-membered ring compound, 

Si 

Rs4 iiRt» 

V 


or to linear polysilojcwes, (— SiRgO— )„, depending on conditions. TVhere 
the ailioon halide poasessea three chlorine atoms per molecule, it hydro- 
lyzes to an intermediate silanetriol, RSi(OH)g, which is capable of 
tridimensional condensation to yield thermosetting plastics. The ease 
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with which a silanol condenses is in large part a function of the size 
and nature of the R group. The lower dialkyl silanediols, for example, 
condense so readily that they have not yet been isolated in the uncon- 
densed state. Diphenylsilanediol, on the other hand, is a crystalline solid 
which can be isolated in high purity. 

Hydrolysis products of silicon dichlorides were called silicones by 
Kipping because their empirical formula, RjSiO, corresponds to that of 
the ketones, RjCO. There is obviously no resemblance in structure be- 
tween these two families and present practice tends to use the name sili- 
cone to cover generically all types of condensation polymers from the 
hydrolysis products of organosilicon chlorides. This name has, indeed, 
been applied even to the organosilicon chlorides themselves, but this use 
is regarded as an improper extension of its meaning by chemists active 
in this field. It should be emphasized that the term silicones applies only 
to those products which are derived from organosilicon chlorides in which 
at least one carbon-to-silicon linkage exists. Although condensed esters 
of silicic acid, previously described, are polysiloxanes, they behave very 
differently from the silicones from which they dre differentiated struc- 
turally by the absence of direct carbon-to-silicon bonds. 

In commercial operations various silanols are produced by hydrolysis 
of methyl and phenyl silicon chlorides, especially. These intermediates, 
which may be partially condensed during their hydrolysis, are then 
further polymerized to linear or cross-linked products, depending on 
their nature and on the properties desired. Characteristics of the final 
products can be controlled by varying the radicals attached to the sili- 
con atom, by admixing mono-, di-, tri-, and even tetrachlorides in 
suitable proportions, and by controlling conditions to yield condensa- 
tion polymers of low, medium, or high molecular weight. 

In the case of various fiuid silicones and silicone rubbers, for ex- 
ample, the structure of a portion of the molecule may be represented 
as follows: 



In certain products, ring structures similar to the six-membered sili- 
cone ring shown above may also enter complex polymeric molecules. 

Cross-linking may be carried out, for example, by condensation of 
mono- and polyfunctional silanols. A typical portion of a cross-linked 
silicone may be represented as follows: 
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While several methods are known for the preparation of organosilicon 
chlorides, those used in commercial practice today are (a) reaction of a 
Grignard reagent with silicon tetrachloride: 

(1) RMgBr + SiCh — ^ RSiCl* + MgBrCl 

(2) RMgBr + RSiCl, — »- R»SiCU + MgBrCl 

(3) RMgBr + RsSiCl, — R,SiCl + MgBrCl 

and (b) catalytic reaction of elemental silicon with a hydrocarbon halide 
in the presence of metallic copper at temperatures of 250-300“. It has 
been hypothesized that the latter reaction may proceed through inter- 
mediate transitory formation of copper methyl as follows: 

(4) 2Cu + CH,C1 — CuCl + CuCHs 

C».2S0« 

(5) Si + CuCl — ^ Cu + (SiCl) [Active intermediate] 

(6) (SiCl) + (CH,) — »- (CHjSiCl) 

(7) or poBsiWy (SiCl) + CuCH, — (CH,SiCl) + Cu 

(8) or (SiCl) + CuCl — a. (SiQ,) + Cu 

and so on until the silicon atom is tetra-substituted. 

In the preparation of phenyl chlorosilanes by reaction of chlorobenzene 
with silicon, silver has been found to act as a catalyst and is apparently 
better than copper. 

Properties 

Hydrolyzed Ethyl Silicate. The final product obtained by hydrolysis 
of ethyl silicate, usually in aqueous alcoholic solution, is silicic acid 
which, on ignition, condenses to silica. It possesses the well-known re- 
fractory properties of this material, hence the use of ethyl silicate as 
means for depositing a siliceous bond in the production of refractory 
investments for casting alloy steels. 

Where the hydrolysis is carried out in the presence of organic resins 
possessing free or latent hydroxyl groups, such as polyvinyl acetate or 
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the polyvinyl acetals, the resultant transparent film shows exceptional 
adhesion to glass, as well as other smooth surfaces, and the bond is un- 
usually resistant to water immersion. 

Silicones. Currently available silicones derived by condensation of 
hydrolytic products of organosilicon chlorides range from linear poly- 
meric liquids boiling above 300° through rubber-like polymers to 
thermosetting plastics. All of these products are exceptional for their 
resistance to decomposition at elevated temperatures and their insen- 
sitivity to water and oxidizing agents. 

Commercial grades of liquid silicones are water white, mobile fluids 
which possess low freezing points, low volatility at elevated temperatures, 
exceptional heat stability, and unusually low sensitivity to changes in 
temperature. The flow point may be as low as —85° in some cases, while 
they can be used continuously at 150° without oxidation or sludging. 
Typical characteristics of Dow Coming liquid silicones are listed in 
Table 181. 

Viscosity-temperature relationships of several of the silicones listed 
in Table 181 are shown in Figure 315 and are there compared with 
typical hydraulic oils. These products are not only stable to heat, but 
they are also resistant to moisture, air and other oxidizing agents, and 
to many corrosive chemicals such as chlorine and gaseous hydrogen 
chloride. They are chemically inert and non-corrosive. They exhibit 
foam inhibiting characteristics where used in as little as 0.1 per cent 
concentration in conjunction with high temperature hydrocarbon lubri- 
cants in which they are insoluble. In carbon tetrachloride, toluene, 
and other organic liquids in which they are soluble, these silicone 
fluids promote foaming when shaken with air. They readily wet clean 
and dry glass, ceramic, and metal surfaces, rendering them water- 
repellent. 

At 25° and 50 per cent relative humidity, non-volatile types of Dow 
Corning silicone fluids possess dielectric strengths of 250 to 300 volts 
per mil at 100 mils, volume resistivities in the order of 1 X 10“ ohm cms 
(not less than 10“ at 200°), and dielectric constants of 2.7 to 2.8 from 
10® to 10® cycles per sec. Their power factors are less than 1 x lO"® at 10® 
cycles per sec, 2 x 10^ at 10' cycles per sec, and not more than 6 X lO"® 
at 10* cycles per sec. 

Silicone fluids are insoluble in water and the lower aliphatic alcohols, 
ethylene glycol, and lubricating oils. They are partially miscible with 
butyl alcohol, acetone, petroleum ether, and dioxane, and are miscible 
with aromatic hydrocari^ns, chlorinated aliphatic hydrocarbon solvents, 
amyl alcohol, and many esters. They are incompatible with natural and 
synthetic rubbers and plasrics and do not dissolve them even when hot. 
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This property has led to their use as parting compounds in the molding 
of rubber and plastics. 

Silicone elastomers retain their rubber-like characteristics throughout 
the range of —65“ F to +500“ F, even on continuous use at these extreme 
temperatures. At 300“ F, for example, certain compounded silicone elas- 
tomers will show only 10 per cent compression set after six hours of 
exposure to conditions which cause 100 per cent set of GR-S. They are 
not affected by ozone, corona, or ultraviolet light. The tensile strength 
of silicone rubbers so far available is low, although by suitable com- 
pounding it can be raised to 750 psi. Elongation ranges with the hard- 
ness of the compounded stock from 180 to 300 per cent. 

Silicone resins exhibit good electrical characteristics combined with 
marked resistance to heat and moisture. Varnishes developed especially 
for electrical insulating applications are used in combination with such 
inorganic spacing materials as “Fiberglas,” mica, and asbestos in HTS 
(high temperature silicone) insulation, conservatively rated as having a 
60 to 75“ advantage over conventional Class B insulation, such as high 
grade phenolic alkyd varnishes. With HTS insulation, continuous opera- 
tion of electrical equipment at 175“ is permissible and temperatures as 
high as 250“ may be allowed for short periods. Dow Coming silicone 
resins and varnishes are supplied in 50 to 70 per cent concentration in 
various hydrocarbon solvents, particularly toluene and “Solvesso” No. 2. 
Dow Coming 993 varnish, especially designed to retain flexibility at 
high temperatures, is the silicone which has thus far been most widely 
used in HTS insulation. It must be cured by baking for 1 to 3 hours at 
260“ of for 6 to 15 hours at 225“. In thin sections, DC 993 has a dielec- 
tric strength of 1500 to 2000 volts per mil. Four-mil “Fiberglas” coated 
with DC 993 possesses a dielectric constant of 3.5 at 1000 cycles where 
tested at 25“ and 60 per cent relative humidity. Its power factor is 
0.7 per cent at 1000 cycles. HTS insulation does not track or carbonize 
on flashover. 

For a detailed discussion of the electrical characteristics of silicone 
resins and of the spectacular service test results obtained with electrical 
equipment constructed with the use of HTS insulation, the references at 
the end of this chapter should be consulted. 

Dow Coming silicone film is available in 1, 2, 3.6, and 5 mil thick- 
nesses for use in durable high temperature insulation. It retains flexibility 
at 150 to 176“. 

Applications 

Hydrolyzed Ethyl Silicate. Ethyl silicate in hydrolyzed form, pro- 
duced by addition of the requisite amount of water to an alcoholic solu- 
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tion of the ester containing a small amount of hydrochloric acid as 
catalyst, is utilized as a binder in making special foundry molds for in- 
vestment casting of high melting alloys by the lost wax process. It can 
be used as a cement for many articles which have to withstand acids or 
high temperatures. It is an impregnating agent for porous articles such 
as silica brick, graphite molds, asbestos, concrete, and stone. It can 
be utilized as a component of certain paints and lacquers, especially as 
a vehicle for hard, heat-resistant coatings which are also resistant to 
chemical fumes. Application of hydrolyzed ethyl silicate in improving 
resin adhesion to glass has already been mentioned. 

Silicones. Silicone fluids have been used as hydraulic and damping 
fluids, especially in precision instruments, as high dielectric fillers for 
electrical devices, as dashpot fluids, as foam inhibitors for high tempera- 
ture lubricants — especially in the lubrication of Diesel engines, as heat- 
stable, inert, and high flash point liquids for oil baths, as impregnants 
for pump packings and gaskets, as low viscosity lubricants, as lubricants 
for application at both low and elevated temperatures beyond the range 
of most organic lubricants, and as lubricants or parting compounds in 
diflicult molding jobs. 

Dow Coming liquid silicones can also be used in water-repellent treat- 
ments for wood, plastics, glass, and ceramics. Waterproofing of. radio 
coil forms and other insulators can be effected by dipping them in 
“Silaneal” (a 2 per cent solution of DC 200 fluid) and subsequently bak- 
ing at an elevated temperature. Similar results have been obtained by 
the General Electric Company by exposure of hydrophilic surfaces at 
room temperature to methyl chlorosilanes in the vapor phase. Reaction 
occurs rapidly with deposition of a sub-microscopic film of silicone which 
renders the surfaces water-repellent. Paper, wood, cotton, and ceramic 
materials which have not been thoroughly dried or, preferably, which 
have been pre-conditioned at 50 to 90 per cent relative humidity may 
be made water-repellent either by exposing them to the vapor of methyl 
chlorosilanes or by dipping them in a liquid containing these silicone 
intermediates. 

During World War II, a major portion of silicone production was de- 
voted to Dow Coming No. 4 ignition sealing compound, used as a water- 
proofing and sealing agent in ignition systems of aircraft, tanks, and 
amphibious vehicles. This product has also found application in radar 
and other electrical devices. It is a smooth paste of such consistency that 
it can readily be applied by hand or by means of a grease gun. It is not 
only moisture-resistant itself, but it also imparts moisture-repellent 
characteristics to surfaces coated therewith. It possesses excellent re- 
sistance to arcing, while its temperature characteristics are similar to those 
described in the preceding section. 
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DC 7 compound is a translucent grease which does not melt. It is an 
oxidation-resistant lubricant, recommended for use over the temperature 
range of —70’ F to +400’ F in oxygen demand systems and in precision 
and control instruments. It can also be used as a lubricant in low pres- 
sure rubber bag molding. 

Silicone greases have been introduced for high temperature lu- 
brication and will operate for hundreds of hours at temperatures of 
150-176’. Silicone compounds have been developed for use under 
severe service conditions as stop-cock greases and Nordstrom valve 
lubricants. 

The exotic member of the silicone family, bouncing putty, should 
not go unmentioned. 

Major applications for silicone rubber have been in tubing and cable 
subjected to high temperatures and in heat-resistant gasket materials. 
The General Electric Company developed the use of this material as a 
gasket for the edge of lenses of Navy searchlights and in the turbosuper- 
chargers of B-29^s. The Dow Corning Corporation produces silicone 
rubber (sold by them under the trade-mark ‘‘Silastic'^) as compounded, 
solvent-free salves ready for coating, molding, or extrusion. It is espe- 
cially recommended for use in coating ^Tiberglas’^ cloths for the fabrica- 
tion of flexible, heat-resistant, water-repellent tape, molded diaphragms, 
gaskets, and flexible laminates. SC 75, which can be thinned with low- 
boiling mineral spirits, is also recommended for coating metal fabrics, 
wire wound resistors, and various metallic surfaces. 

Silicone impregnating varnishes have found application in electrical 
insulation, especially in conjunction with “Fiberglas,^^ asbestos, and 
mica. In this field they have provided manufacturers with constructional 
materials which permit design greatly improved over that practicable 
with standard Class B insulation. Thermal aging of insulation has 
previously imposed a serious limitation on the design of electrical equip- 
ment. Full advantage could not be taken of the inorganic spacing ma- 
terials mentioned above because of the lack of high heat resistance on 
the part of the organic varnishes and impregnants used with them. HTS 
insulation alfords unique heat-resistance, moistureproofness, and re- 
sistance to severe service conditions. It has allowed increased output, 
greatly prolonged life under adverse circumstances, decreased fire hazard, 
greater freedom from overload failures, and decrease in size and weight 
of electric motors. 

Silicone magnet wire enamel is also available, as well as flexible, non- 
carbonizing film for use in condenser and coil insulation at tempera- 
tures of 160-170’. 

Silicone coating resins have given an excellent account of themselves 
in protecting metal surfaces exposed to severe corrovC^ion conditions and 
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high temperatures. Silicone bonded laminates of ‘Tiberglas” have been 
produced for electrical boards, slot wedges, and coil forms. 

The surface of silicone applications has barely been scratched. Al- 
though this new family of polymeric substances has already gone far 
toward extending the temperature range of iteefulness of a wide variety 
of engineering materials, still more spectacular developments and larger 
consumption of these products will undoubtedly occur during the next 
few years. Their current premium prices should decrease as the chem- 
istry, technology, and applications of silicone chemistry expand. 
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Chapter 26 

Miscellaneotts Resins 

Innumerable resinous materials have been investigated from both 
theoretical and practical angles. Although the substances previously 
discussed in this text represent the most important plastics of commerce, 
many other synthetics of more or less resinous character have been de- 
veloped and are now marketed for special purposes in relatively small 
volumes. Some of the most important ones will be mentioned in this 
chapter; many others cannot even be listed. A few plastics which have 
been studied extensively in industrial laboratories, but which still have 
not appeared on the market will also be considered. No attempt has been 
made to tabulate the thousands of other resinous materials which have 
not yet passed beyond the test-tube. Some of these infants of research 
and others now unborn will appear in commerce tomorrow. 

Special low-melting glasses which, like “Mycalex,” may contain pow- 
dered mica, as well as powdered metals which are molded by processes 
somewhat akin to those used by the plastics industry are chemically so 
unrelated to synthetic and semi-synthetic resins that they will not be 
discussed here. 


Chlorinated PscmucTB 

In addition to the various chlorinated resins considered in preceding 
chapters, many others have been the subject of investigation. Among 
them, chlorinated biphenyl and chlorinated naphthalene are of im- 
portance. Chlorinated paraflSn also finds use to a limited extent. These 
products are not truly resinous in the sense of being composed of ex- 
tremely large molecules, but because of the complexity of their relatively 
small molecular units and because of the fact that they are often com- 
plicated mixtures, some of them approach the resinous state. 

Condensation products of chlorinated toluene have provoked some 
interest, but are of little significance to date. 

Resinous Derivatives of Biphenyl 

Biphenyl Production. Biphenyl, 

706 
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is manufactured industrially by pyrolysis of benssene. The latter hydro- 
carbon is preheated to 600-650° and cracked by bubbling through molten 
lead at temperatures in the order of 750-860*. Limited formation of 
carbon and hydrogen also occurs during this operation and may be 
decreased by replacing lead with molten mineral salts or salt mixtures, 
such as calcium and sodium chlorides which, in the ratio of 18:7, give a 
composition melting at about 600*. 

More complicated ring systems are also formed as high-boiling by- 
products during this process and their ratio may be increased by eleva- 
tion of the temperature or by use of less pure benzene, such as crude 90 
per cent material. 

By-products from Biphenyl — ^Terphenyl Waxes. From the high- 
boiling by-products it is possible to separate all three terphenyls, 
ortho: 



meta: 



and para; 



These substances are isolated commercially, but despite their relative 
purity they possess certain wax-like characteristics. They are marketed 
under the trade-mark, “Santowax,” being designated O, M, and P, re- 
spectively. Certain properties of these materials are listed in Table 182. 
In addition to these products, a mixture consisting largely of diphenyl 
and ortho-terphenyl is marketed under the designation, “Santowax” DO, 
the eutectic mixture of 71 per cent o-terphenyl and 29 per cent m- 
terphenyl is sold as “Santowax” OM, while other grades are designated 
as OSA and PSA. Hydrogenated ?»-terphenyl (“Santowax” MH) pos- 
sesses a melting point of about 50* and hydrogenated p-terphenyl, a freez- 
ing point of 160*. 
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Table 182. Properties of the “Santowaxes” * 



“Santowax” 

Regular 

'Santowax** " 

M 

Santowax" 

O 

Melting Point 

140® primary 
hold point. 56® 
secondary hold 
point 

83-86® 

<60® 

Flash Point 

— 

207® 

171® 

Flame Point 

Hardness (A.S.T.M, D-5-26) 

— 

“ ■— 

193® 

(250-gload) 

— 

0.23 mm 

1.07 mm 

Density (25®) 

1.10 

— 

— 

Appearance 

yellow waxy 
» solid 

micro-cr 3 rs- 
talline wax 

oily, crys- 
talline 

Boiling Range 

80% between 
366-402® 

- 

■ 


* Manufacturers’ data. Monsanto Chemical Company. 



Santowftx** 

P 

209-213® 

207® 

238® 

0.33 mm 

white, crys- 
talline 
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These materials are being developed as plasticizing compounds in the 
formulation of paints and inks, as plasticizers and opacifiers for various 
waxes, as agents for use in waxing citrus fruit, and as components of 
diverse polishes, cosmetics, and paper coatings. 



Figure 317. Ring and ball softening point 
(ASTM D36-24) of chlorinated biphenyl as influ- 
enced by chlorine content and by admixture there- 
with, prior to chlorination, of varying amounts 
of high boiling material (b.p. 27^00®) obtained 
as a by-product during pyrolytic conversion of 
benzene to biphenyl. {Jenkins^) 

Chlorination Products of Biphenyl. Chlorination of biphenyl at 
elevated temperatures in the presence of such catalysts as iron yields a 
series of mixed chlorinated derivatives ranging from viscous liquids to 
high*melting, brittle, more or less resinous solids. At 60-80®, the principal 
product is a liquid mixture of 2- and 4-monochlorobiphenyls, provided 
reaction is stopped when only 80-95 per cent of the theoretical amount 
of chlorine for monochlorination has been absorbed. Further chlorination 
with increase of temperature up to 175-220® permits introduction of as 
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Table 18 S. General Phy^cal Prop- 



Arodor 1242 

Arodm* 1248 

Aroclor 1254 

Aroclor 1260 


Practically oed* 
orless mobile 
dl 

Yellow tinted 
oily liquid 

Ydlow tinted 
viscous oil 

Light yellow 
soft, sticky 
resin 

Color— NPA 

0.5 max 

0.5 max 

1.0 max 

1.0 max 

Addity — ^maximum (mg KOH per g) 

0.01 

0.01 

0.01 

0.015 

Coefficient of expansion 

oc/oc/® C 

0.000678 

(25-05®) 

0.000702 

(25-65®) 

0.000661 

(25-65®) 

— 

cc/cc/® P 

0.000877 
(77-149® F) 

0.000389 
(77-149® F) 

0.000367 
(77-149® F) 


Denaity — specific gravity 25® /25® 

( 770/770 Y) 

1.378 to 1.388 

1.447 to 1.457 

1.538 to 1.548 

1.618 to 1.629 

Pounds per gal— 26® (77® F) 

11.50 

12.08 

12.83 

13.50 

Distillation range — A.S.T.M. D -20 

Mod. ®C 

322-365 

Uncorr. 

330-370 

Uncorr. 

365-390 

385-420 

0 p 

612-689 

Uncorr. 

626-698 

Uncorr. 

689-734 

725-788 

Evaporation Lose — %-A.S.T.M. D-fi 

Mod: 163® 6 hr 

3.04 to 3.64 

3.0 to 4.0 

1.06 to 1.28 

— 

100 ® 6 hr 

- . 

— 1 .— 

0.4 

0.0 to 0.2 

Flash Point — Cleveland Open 

Cup: ® C 

0 Y 

176-180 

348^56 

193-196 

379-384 

None 

None 

Fire Point — Cleveland Open 

Cup: ® C 

0 Y 

334 

633 

None 

None 

None 

Pour Point— A.S.T.M.: ® C 

-17.7 to -20.7 

-7 

8 to 12 

26 to 36 

op 

- 0.2 to -5.2 

19.4 

46 to 54 

79 to 97 

Softening Point— A.S.T.M.: ® C 

0 

— 

— 

— 

0 p 

ail aw— III 




III. 

Refractive Index — D-line — ^20® 

1.627-1.629 

1.630-1.631 

1.637-1.639 
at 25® C 

— 

Viscosity — Saybolt Universal 

Sec (A.S.T.M.-D- 88 ) 

210® F (98.9® C) 

34.0-34.6 

36.0-37.0 

43.5-48.5 

70-82 

130® F (54.4® C) 

49-56 

69-78 

260-400 

2600-4500 

100° F (37.8® C) 

80-93 

185-240 

1800-3800 

— 


many as 7-8 chlorine atoms per molecule of biphenyl. The relation be- 
tween density, viscosity, and chlorine content of chlorinated biphenyl is 
shown in Figure 316. 

Chlorination of mixtures of biphenyl and the high boiling by-products 
of biphenyl manufacture yields resinous materials possessing higher melt- 
ing points than pure biphenyl chlorinated to the same degree, as illus- 
trated in Figure 317. 

Color of these products can be improved by vacuum distillation or by 
carrying out chlorination in the presence of iodine as a catalyst. 

Chlorinated biphenyl, manufactured by the Monsanto Chemical Com- 
pany under the trade-mark ^‘Aroclor,’* is available in chlorine contents 
ranging from 18 to 66 per e^t and in physical forms varying from 
liquids to resinous solids and refractive amorphous flakes. The more 
highly chlorinated products do not «q>port combuBtion. In general, 
they are oharactem^ by bi^ dielectrio constant, resistivity, and dieleo- 
tiio strength, and by low powqr factor. Their eleobical properties have 
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erties of Some of the Aroclors^ 





Aroclor 1262 

Aroolor 1268 

Aroclor 1270 

Aroclor 4466 

Aroclor 6442 

Aroclor 6460 

Aroclor 2565 

light yellow 

Pale yellow 

White crystal- 

Yellow trans- 

Yellow trans- 

Yellow trans- 

Brown-black 

etioky clear 

opaque brit- 

line powder 

parent brit- 

parent sticky 

parent resin 

opaque resin 

resin 

tle resin 


tle retrin 

resin 



1.2 max 

— 

— 

1.5 max 

— 

2.0 max 


0.02 

— 

0.176 

0.06 

0.028 

0.07 

1.26 

0.000640 

— 

— 

0.000611 

0.00123 

0.00179 

0.000656 

(26-90*) 



(25-65*) 

(25-99*) 

(26-124*) 

(26-66*) 

0.000356 

— - 

— 

0.000339 

0.000683 

0.000994 

0.000364 

(77-194* F) 



(77-149* F) 

(77-210* F) 

(77-266* F) 

(77-149* F) 

1.646 to 1.663 

1.804 to 1.811 

1.944 to 1.960 

1.712 to 1.723 

1.432 to 1.447 

1.740 to 1.745 

1.724 to 1.740 ‘ 

13.72 

16.13 

16.24 

14.28 

11.96 

14.50 

14.41 

373-404 

— 

460-460 

Requires 

— 

Requires 



Uncorr. 



vacuum 


vacuum 


703-769 

— 

842-860 

Requires 

— 

Requires 

— 

Uncorr. 



vacuum 


vacuum 


0.48 to 0.66 

0.15 to 0.24 

0.0 to 0.1 

0.23 to 0.29 

2.0 

0.025 

0.21 to 0.24 

— 

— 

— 

— 

0.012 

1.51 to 1.71* 

— 

None 

None 

None 

None 

247* 

None 

None 





477° F 



None 

None 

None 

None 

> 350* 

None 

None 





> 662° F 



34.9 to 38.0 

— 

— 

— 

46 

- , 


95 to 100.4 

— 

— 

— 

116 




— 

135 to 160 t 

294 to 300 t 

60-66 

48.5 to 53 

100 to 105.5 

70 to 77 

— 

276 to 320 t 

661 to 672 t 

140 to 161 

119 to 127 

212 to 222 

168 to 171 

1.6601-1.6617 

— 

— 

1.664-1.667 

— 

1.660-1.666 

— 


90-103 

600-860 at 160* F 

92-156 t 

313.5 

— 

*At 260* — 6 hr 

t Hold pt. 

1 266* For 130* C 



been reported in some detail by Clark' and by White and Morgan” 

Chlorinated biphenyls are exceptionally stable towards both acids 
and alkalies, being unaffected by boiling solutions of sodium hydroxide. 
They dissolve in practically all organic solvents except those which con- 
tain water or which, like glycerol, possess several hydroxyl groups in the 
molecules. They are incompatible with cellulose acetate and manila 
gum, but compatible with most other natural and synthetic resins. 
Resinous chlorinated biphenyls adhere well to smooth surfaces such as 
glass and metals. They do not corrode the latter. Although relatively 
non-toxic, prolonged exposure to vapors of these materials, oral ingestion, 
or repeated external contact should be avoided. 

The resinous “Aroclors” are thermoplastic friable solids which show 
more or less cold flow, depending upon softening point. They are un- 
suitable for use as a binder in molding compositions, but find application 
in combination with other resins in the formulation of surface coatings 
and adhesives. They are also utilized in waterproofing paper and deoorat- 
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ing glass. Other uses include high temperature lubricants and fluids for 
transmitting hydraulic power. An important application is to be found 
in their use as a component of insulating compositions, especially non- 
flammable transformer oils. General physical properties of these ma- 
terials are listed in Table 183. 

Chlorinated Naphthalene 

Naphthalene, like biphenyl, may be exhaustively chlorinated to yield 
complex liquid or solid mixtures of polychloro substitution products. In- 
asmuch as commercial materials of this kind are stable to hydrolysis and 



Figure 318. Melting point vs composition of chlorinated naphthalene. 

{EngeUiardt “) 


do not corrode copper, except under high temperatures or in the presence 
of moisture, it is probable that they contain only minor amounts of 
ring addition products. 

Chlorination may be carried out in either the liquid or vapor phase, 
as well as in solution, customary carriers such as chlorides of iron, 
aluminum, or antimony being effective catalysts. 

Polychlorinated naphthalenes, like polychlorinated biphenyls, are not 
truly resinous for it is possible to separate crystalline compounds from 
them. Solid products are wax-like and may contain as much as sixty 
per cent chlorine. They vary in color from black to light green-yellow 
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and are produced in flow points ranging from 65 to 130*. The relation 
between softening point and chlorine content is indicated in Figure 318. 

Polychlorinated naphthalenes are sufficiently low in molecular weight 
to boil at temperatures ranging from 290 to 370®. Their specific gravity 
varies between 1.5 and 1.7 at room temperature. They possess high dielec- 
tric strength and excellent specific inductive capacity (4.5 to 5.5) . They 
are non-corrosive and insoluble in and substantially unaffected by alka- 
line and acid solutions. They are extremely water-resistant, non-flam- 
mable, and soluble in practically all organic oils and solvents. 

Sold under the trade-mark, “Halowax,” the electrical and non-flam- 
mable characteristics of polychlorinated naphthalenes adapt them to a 
variety of insulating applications, including components of wire coat- 
ings, impregnants for textile wire coverings, sealants for relay and trans- 
former coils, and impregnants for paper wound condensers. They also 
find use as high melting waxes in polishes, surface coatings, and plas- 
ticizing compositions. 

Polychlorinated naphthalenes are also available from Hooker Electro- 
chemical Company in melting point grades of 93® and 135°. 

Chlorinated Paraffin 

Paraffinic petroleum cuts can be chlorinated readily to yield products 
containing from one to several chlorine atoms per molecule. Although 
chlorination of the lower paraffiins is best carried out under carefully con- 
trolled conditions of light, heat, and catalytic influence, the substitution 
of chlorine for the hydrogen of higher aliphatic hydrocarbons proceeds 
readily without being critically affected by any of these agents. Par- 
tially chlorinated paraffins are now vitally important chemical inter- 
mediates used in the manufacture of such industrial products as syn- 
thetic detergents and pour point depressants for lubricating oils. More 
highly chlorinated paraffins are made by the Hooker Electrochemical 
Company and by Hercules Powder Company and are recommended as 
plasticizers and fiameproofing agents. It is said that resistance to water, 
weather, and mildew is also thereby imparted to fabrics. Hercules’ prod- 
ucts containing 42 and 70 per cent chlorine are marketed under the 
trade names “Clorafin” 42 and “Clorafin” 70, respectively. Like most 
of the chlorinated paraffins commercially available, “Clorafin” 42 is a 
pale, viscous liquid. “Clorafin” 70 is likewise pale-colored, but is hard, 
resinous in appearance and possesses a ring and ball softening point of 
90-100* C. Densities of “Clorafin” 42 and “Clorafin” 70 fall within the 
ranges of 1.162-1.175 and 1.60-1.65, respectively. Analogous products 
possessing the same chlorine contents and being a viscous liquid and 
powdered resin, respectively, are available from Hooker under the desig- 
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nations, “CP-20” and “CP-70.” A chlorinated propane, possessing the 
average formula CjH^ jgCl^.gB, is also available from Hooker in expeiri- 
mental quantities under the designation “Chlorpropane Wax 130.” It is 
a tough, white crystalline wax of melting point range: 110-155®, and 
boiling point range: 210-270®. It is insoluble in water, but soluble in al- 
cohol, ether, and most chlorinated solvents. 

Benzyl Chloride Resins 

There has been some industrial effort to develop soluble varnish resins 
from benzyl chloride produced by the action of chlorine on toluene in the 
presence of light and absence of ring halogenation carriers such as iron. 
Aluminum chloride and other Friedel-Crafts catalysts are effective in 
bringing about self-condensation of benzyl chloride with elimination of 
hydrogen chloride and formation of a dark-colored polymeric material 
composed largely of the group. 

Most of the chlorine is eliminated during condensation, so that the resin 
is primarily hydrocarbon in nature, but end chlorine groups may still be 
present. Molecular weight can be decreased and solubility increased by 
modification of these resins with aromatic hydrocarbons or phenols dur- 
ing condensation. Commercialization of benzyl chloride resins is almost 
non-existent today. 


FlitrOBINATED POLYMEBS 

A halogenated polymer which is entirely different in character from 
others discussed in this text is to be found in polymerized tetra- 
fluoroethylene, (CF 2 =CF 2 ),. This product was manufactured for highly 
secretive wartime applications during World War II, pilot plant produc- 
tion of commercial quantities having been commenced by du Pont in 
1943. The trade-mark “Teflon” has been adopted by du Pont for this 
polymer which is regarded as a truly outstanding product. 

“Teflon” is of exceptional interest on both technical and practical 
grounds. It has often been assumed that carbon-to-carbon unsaturated 
systems bearing no hydrogen atoms do not polymerize. This supposition 
is strikingly disproved by polytetrafluoroethylene which contains no 
hydrogen. Much as the study of silicones has opened a new field of high 
polymers endowed with special characteristics imparted by the carbon- 
to-silicon grouping, so the evolution of~polyt«trafluoroethylene bids fair 
to initiate development of a whole new category of resinous materials 
possessing unique properties attributable to organically combined fluorine. 
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Courtesy E. I, du Pont de Nemours 6 * Co, 

Figure 319. Control panel used in manufacturing ‘Teflon.^* Controlled at this 
one panel is all the equipment for refining the monomer and producing the poly- 
mer from which is made du Pontes unique industrial plastic “Teflon” tetrafluoro- 
ethylene resin. Able to withstand high temperatures and the moot corrosive acids 
better than any other plastic, “Teflon” is also an excellent insulator for high- 
frequency cummts. 

Monomeric tetrafluoroethylene is gaseous under normal conditions. By 
application of pressure, even at room temperature or below, it can be 
converted to a solid, tough, granular polymer possessing a linear structure 
of which a portion may be represented as follows: 

F F F F F F F F 

J I I I I I I I 

FFFFFFFF 

According to United States patent No. 2,230,654, silver nitrate, espe- 
cially in the presence of methanol, exercises a catalytic influence on this 
polymerization. 

^‘Teflon” is transparent in thin sections, but white to gray in thicker 
ones. Although tough, it possesses a wax-like feel and appearance. It is 
remarkably resistant to heat and can be used throughout the temperature 
range of -150® to +575® F. Polytetrafluoroethylene becomes incandes- 
cent when held in a flame, but does not burn upon removal therefrom. 
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Extremely small amounts of fluorine-containing gases, however, are said 
to be given off at temperatures as low as 400° F. Inasmuch as the toxi- 
cology of these gases is not yet fully understood, it is essential to provide 
good ventilation during extrusion or other mechanical operations in which 
this temperature may be attained. Polytetrafluoroethylene does not pos- 
sess a true melting point, but undergoes a solid phase-transition at 620° F 



Figure 320. Plastics on the grill. ‘Teflon” tetra- 
fluoroethylene resin, du Pontes new industrial plas- 
tic, retains strength and form at higher tempera- 
tures than any Imown organic material. Temper- 
ature of the hot plate shown above is about 390® F. 

Hods of two other plastics have melted or swelled 
out of shape. “Teflon” is unaffected. Gaskets and 
wire insulation for jet engines are made of this 
plastic, which is unharmed by temperatures rang- 
ing up to 675® F. 

with a sharp drop in strength. At about 750° F it slowly decomposes to 
yield gaseous products. 

The electrical characteristics of “Teflon” are also exceptional, espe- 
cially when considered in conjunction with its heat-resistance. It pos- 
sesses excellent resistance to surface arc-over. On failure it does not 
carbonize, but vaporizes without deposition of a conducting path. Elec- 
trical losses are comparable to those of polyethylene and polystyrene and 
are substantially constant over the frequency range of 60 cycles to 3000 
megacycles. 

Chemical resistance of “Teflon” is likewise outstanding. It withstands 
attack by all materials except paolten alkali metals and can be boiled in 
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aqua regia, hydrofluoric acid, and fuming nitric acid without change in 
either weight or properties. 

Characteristic physical properties of “Teflon” are given in Table 184 . 


Table 184. Typical Properties of “Teflon”* 


{Data given represent standard commercial grades of material and standard methods of 
testing except where otherwise noted) 


Property 

Specific gravity 

Tensile strength at 77® F, psi 

Elongation at 77® F, % 

Flexural strength at 77® F, psi 
Stiffness at 77® F, psi (0.126 inch) 

Impact strength, Izod, — 70, 77, 170® F, ft-lb/inch 
Hardness, durometer D 

Compressive strength, psi at 0.1 % deformation 

Yield temperature, ® F 

Heat distortion temperature, low load, ® F 

Specific heat, cal/g/® C 

Coefficient of expansion per ® F (77-140) 

Thermal conductivity BTU /hr/sq ft/® F/in (0.18 inch) 
Brittleness temperature, ® F 

Dielectric strength, short time, volt/mil (0.080 inch) 
Volume resistivity, ohm-cm 
Dielectric constant 60, 10®, 10®, 10®, 10^® cycles 
Power factor 60, 10®, 10®, 10®, 10'® cycles 
Water-absorption, % 

Moisture permeability g/sq m/24 hr 
Outdoor weathering 


Test Result 
2.1-2.3 
2000-4500 
300-400 
2000 
60,000 
2.0, 4.0, 6.0 
55 
1700 
> 320 
266 
0.25 

6.5 X 10“® 
1.7 

<- 150 
480 
10 '® 

2.0 

<0.0002 

0.00 

0.00-6.5 


Test Method 

D792-44T 

D412-41T«) 

Die C») 

D650-42Te> 

D747-43T 

D256-41T 

r)695-42T 
Arl. M-8 
D648(b)-44T 
(» 

D696-42T 

Arl P-32<*> 

D746-43T 

D149-40T(‘> 

D257-38 

D150-40T 

D160-40T 


D570-42(« 
D697-42T 
No detectable change in 1 year 


(1) Tensile strength in oriented film may be as high as 15,000 psi 
Specimens do not break 
Method of mixtures 
Cenco-Fitch apparatus 

(» 1000-2000 volt/mil in 5 to 12-mil thickness 
<•) Not wet by water 

* Manufacturers’ data. E. I. du Pont de Nemours & Co., Inc. 


“Teflon” can be machined easily with standard wood- and metal- 
working tools. Sheet stock can be handled on a punch press. Thin-walled 
tubing can be flared by methods applicable to copper tubing, while heavy 
tubing can be threaded with a standard pipe threader. 

This plastic is available in the form of rods, tubes, sheets, beading, gas- 
kets, and thin tapes. Production of special molded shapes by du Pont 
will be considered where feasible. Molding powders are not currently 
available because of the difficulty of fabrication technique. Complicated 
shapes can be produced at present only by machining one of the standard 
available forms just listed. Sheets and thin films are made by shaving 
baked blocks and cylinders. Rods and tubes are extruded in continuous 
lengths by screw stuffers using special techniques. Extrusion rates are 
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slow. Wire can be coated, although slowly, by using a crosshead die on a 
screw stuffer with careful control of rates and temperatures. 

“Teflon” is suggested for use in containers for holding preforms in elec- 
tronic heaters, in molds of certain types, as gasketing and packing mate- 
rial and as tubing for chemical process work. It is also recommended as 
a dielectric in coaxial cable for color television and radar. 

Modifications of “Teflon” adaptable to injection and compression mold- 
ing are under development. These products will also possess good elec- 
trical properties as well as resistance to chemicals and heat. 

POLYGLYCOLS 

In 1863, the French chemists Wurtz and Laurengo prepared poly- 
ethylene glycols, recording their results in the Annales de chifnie et de 
physique. The former worker obtained these products by heating ethy- 
lene oxide with water whereby he obtained not only glycol itself but 
also polymeric bodies. The latter chemist heated ethylene glycol with 
ethylene dibromide and obtained similar materials. It is significant that 
the polymeric nature of these substances was recognized at that early 
date, and formulas ranging up to HO — (CHj — CHj — 0)„ — were as- 
signed to various impure cuts separated by fractional distillation. It is also 
of interest that, on the basis of the Theory of Types then prevalent, Wurtz 
in 1863 compared the probable formulas of polyethylene glycol, silicic 
acid, and stannic acid, and pointed out structural similarities between 
these organic and inorganic substances — ^that is to say, repetition of the 
same group many times, joined through oxygen bridges. Wurtz’ ideas 
have been confirmed in recent years by the researches of Willstatter, 
Staudinger, and others. 

Ethylene oxide can be polymerized readily to high molecular weight 
products by contact with numerous basic catalysts such as sodium or 
potassium hydroxide, sodamide, tertiary amines like trimethyl amine, and 
alkali metals. Acidic catalysts are effective in some cases. Stannic 
chloride, for example, causes polymerization even at —80*. It is also 
possible to carry out polymerization of ethylene oxide by passage of the 
gas over suitable catalysts above 100*. Alkaline catalysts are likewise 
preferred here, but acidic materials may be used. The products range 
in degree of polymerization from 3 to about 300, with corresponding 
molecular weights running from 160 to 13,000. By use of such mod- 
erate catalysts as oxides of strontium, calcium, and zinc, or their car- 
bonates, Staudinger has prepared eucolloids possessing molecular weights 
up to about 120,000. These products Tange in. character from viscous 
liquids, through semisolid salves, to wax-like solids. Eucolloidal polsrmers 
are more fibrous solids. The -genera! formula assigned to polymers of 
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ethylene oxide is that of polyglycols, i.e., polyethers in which the end 
groups are hydrated to hydroxyls: 

HO— CH2— CH,— O— (CHi— CHs— O)*— CHj— CH*— OH 

Table 185 shows the relationship found by Staudinger between molec- 
ular weight and softening point of the poly glycols. 


Table 186. Influence of Molecular Weight upon Melting Point, Viscosity, 
and Solubility of Polyglycols * 


Molecular 

Weight 

Degree of 
Polymerixation 

Approximate 
Melting Point 

Relative 
Viacosity 
in Water 

Relative 
ViBcoeity 
in Benzene 

Solubility 
in Ether 




(1 molar solution) 


4301 
440 J 

1 10 

Liquid 

— 

— 

Soluble in 
cold ether 

1,2301 
1,350 1 

f 30 

35** 

1.2518 

1.2075 

Soluble in 
warm ether 

1,550 I 
1,720 1 

i 35 

0 

0 

UD 

1.3425 

1.2770 

Insoluble 

3,200 1 
3,280 J 

^ 75 

56** 

1.4587 

1.3919 

Insoluble 

4,650 1 
4,900 J 

^ 110 

59** 

1.6312 

1.5376 

Insoluble 

13,000 

300 

70** 

— 

— 

— 

100,000 

2500 

175** 

— 

— 

— 


(\Mt.h decomposition) 





Polyglycols derived from olefins higher than ethylene can be obtained 
by similar processes. 

Polyethylene glycols are marketed in this country, under the trade 
name “Carbowax” by the Carbide and Carbon Chemicals Corporation. 
They are soluble in both water and aromatic hydrocarbons. Because of 
their unique solubility characteristics, the “Carbowax” compounds are 
indicated as agents for assisting mutual solubility of these immiscible 
liquids. They are recommended as water-soluble lubricants in metal- 
forming operations and for textile fibers and rubber molds. They are 
used as plasticizers and softeners in glues and composition cork. They 
are also utilized as components of printing inks, water-soluble paints, 
paper coatings, kalsomines, sizes, cosmetic creams and lotions, hair 
dressings, including permanent wave conditioners, pharmaceutical prepa- 
rations such as iodine carriers, and numerous other applications. 

Esters and ethers of polyethylene glycols derived from higher fatty 
acids and alcohols are valuable non-ionic surface active agents. The 
former are available under such trade names as “Emulphor” and “Neu- 
tronyx.” 

Characteristic properties of “Carbowax” 1500 and 4000 are listed in 
Table 186. 
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Table 186. Properties of Certain “Carbowaxes” * 





“CwbowMC** 1600 “Carbowwc'' 4000 

Density (g/cc at 20®) 
Melting Point ‘(® C) 



1.152 

1.203 



35-37 

50-53 

Viscosity (Saybolt Universal seconds at 210® F) 

78 

418 

Flash Point (® F) 



430 

535 



20^ 

60® 

20® 

60® 


Water 

> 100 

complete 

> 100 

> 100 


Acetone 

> 100 

complete 

> 100 

> 100 

Solubility ^ 
(g/100 cc) 

“Cellosolve” 

> 100 

complete 

40 

> 100 

Ethanol 

> 100 

complete 

33 

> 100 

Ethyl acetate 

> 100 

complete 

43 

> 100 


Heptane 

< ca. 0.01 

ca. 0.01 

< ca. 0.01 

< ca. 0.01 


Toluene 

> 100 

complete 

43 

> 100 


Figure 321 shows the relation between freezing point range and average 
molecular weight of commercial products, while Figure 322 is a phase 
diagram for aqueous solutions of “Carbowax” 4000. 


Furfural, 


Fubane Resins 


H— C— O-H 
H— 4 c/”, 

Y ^ 


first made by Dobcreiner in 1830 while preparing formic acid by reaction 
between sulfuric acid, manganese dioxide, and sugar, is now manufac- 
tured on a large scale from agricultural wastes, particularly oat and 
cottonseed hulls. The Quaker Oats Company commercialized this 
chemical in 1922, using by-product hulls from rolled oats. The pen- 
tosans of the raw materials are hydrolyzed to pentoses and dehydrated 
to the aldehyde by subjecting seed hulls to the action of steam and 
dilute sulfuric acid while the mass is agitated in digesters. Furfural is 
separated from the distillate by fractionation. 

Uses for furfural developed slowly over a period of years, a single 
American plant producing sufiScient quantities of this chemical to satisfy 
the limited demand for many years. Since the development of the 
synthetic rubber program, furfural has beeo found to be an excellent 
selective solvent for purification of butadiene. It has therefore lately 
been much in demand and a plant has been erected to fill this increased 
need, using cottonseed hulls as raw matei^l. 

Furfural and its derivatives can serve as the basis for several different 
types of resins. The presence of unsaturation, of conjugation of un- 
saturation, including conjugation of the carbonyl group, of a relatively 
labile five-membered heterocyclic ring, of pseudo-aromatic properties 
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igure 321. Freezing-point range of polyethylene glycols as a 
function of molecular weight. {McClelland and Bateman “) 



Figure 322. Phase diagram of aqueous solutions of polyethylene 
glycol of 4000 M. W. (‘^Carbowax 4000”). {McClelland and 
Bateman^) 
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conferred by this ring, and of an aldehyde group, all lend numerous resin- 
forming potentialities to this compound. In addition to the resinophores 
present in furfural itself, it can also be converted to numerous chemical 
derivatives, many of which are capable of resinification. 

Phenol-Furfural Resins 

The earliest commercial application of furfural in the domain of 
plastics was in substitution for formaldehyde in the production of 
phenolic resins. Even here, although these resins have been known for 
two score years, only lately have they become well-developed under the 
trade name, “Durite.” Phenol-furfural resins have been discussed in 
greater detail in Chapter 6. 

Furfural-Lignin Plastics 

A more recent use of furfural in the resin field has been in the pro- 
duction of lignin plastics, especially those derived from bagasse and 
redwood wastes. These furfural-converted products are still in the 
process of development. They have been mentioned in Chapter 23 under 
Lignin Plastics. In addition to the use of furfural in activating the lignin 
components of these waste materials, other resins derived from furfuryl 
alcohol and formaldehyde, mentioned in the next section, have, found 
utility in combination with lignin and, especially, in admixture with 
activated redwood wastes. 

Furfuryl Alcohol-Formaldehyde Resins 

Furfuryl alcohol can be reacted with formaldehyde to yield a viscous 
mass which can be cured to a thermoset composition by application of 
heat. An acid catalyst is normally used, such as hydrochloric, phosphoric, 
or benzoic acid. The reaction can also be catalyzed by alkaline materials 
to yield resins which are much more thermoplastic than acid catalyzed 
types. Resins of this general character have been developed by the 
Irvington Varnish and Insulator Company and are marketed in par- 
ticular under the designation “Irvington” 1226 resin. Containing no 
phenol, this resin behaves in much the same manner as phenolics, yield- 
ing thermoset products after curing. “Irvington” 1226 resin can be 
used as a binder with numerous fillers. In admixture with activated 
redwood wastes, especially, it has been utilized in several plastics. One 
of them, manufactured by the Vulcanized Rubber and Plastics Company 
under the name “Colemorite,” has foimd application principally as a 
replacement for hard rubber in such articles as fan blades. Properties 
of “Colemorite” and of certain other similar products have been given 
on page 733. 
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Using “Irvington’^ 1226 resin, the Lehon Company, during the war, at- 
tempted to develop a compression-molded jettison gasoline tank for the 
Army Air Corps at Wright Field. Development of this tank was orig- 
inally begun at a time when threatened shortages of metals made it 
necessary to find a satisfactory substitute for steel and aluminum. The 
tank was an external knockdown type designed for installation on the 
P~47, P-51, and P-39 fighter planes for which the increased range 
afforded by jettison tanks was desired. Its capacity was 75 gallons. It 
was made from rag stock, redwood powder, and this furane resin, the 
molding compound being prepared by Banbury mixing. It was cured 
under high pressure in a single-cavity mold on extremely large presses 
of the American Hard Rubber Company. The temperature was held at 
325-350° F for about 15 minutes, breathing being allowed after the 
first minute. Each tank half required the use of 25-50 pounds of molding 
compound. Only three or four of the tanks were ever made, because 
testing proved that they cracked under strains similar to those to 
which they would be subjected in actual use. Although they were not 
accepted by the Army, because this work proved this particular material 
unsuitable for jettison tanks of the type desired, it is no reflection upon 
the quality of the plastic itself, which may be highly successful in other 
applications. Its adaptability to such large high-pressure moldings, il- 
lustrated in Figure 323, is thought-provocative. 

Other Furane Resins 

Furfural seems destined to play an important role in several types of 
future plastics. Produced by methods as yet unannounced, ‘^Resin 
a product developed by John Delmonte of the Plastics Industries Tech- 
nical Institute, is another furane resin of versatile application. The 
rates of resinification of furfuryl alcohol and furfural in the presence 
of hydrochloric acid are shown as a function of catalyst concentration 
in Figure 324. 

''Resin is a liquid thermosetting resin, indefinitely stable at room 
temperature. Addition of a catalyst converts it to the solid, cured state. 
It can be used for casting and laminating purposes and can be molded 
by impregnation of dry pulp preforms. It may also be applied as a 
surface coating and as an impregnating agent for porous materials like 
plaster-of -Paris. Its most significant application thus far has been as 
an adhesive. For this purpose, it is available in the form of a 100 per 
cent liquid resin for bonding plastic parts at room temperature. Under 
the designation "Resin XV,'' it is produced in 50 per cent solution in 
organic solvent for use as a hot setting adhesive especially for bonding 
metal parts. 
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Courtesy Woodside Industries 


Figure 323. Jettison gasoline tanks molded experimentally from 
rag stock, redwood powder, and Irvington 1226 resin. 

{Photograph release approved by Army Air Forces, TSPRO, Wright Field) 



Figure 324. Comparative rate of resinification of furfural and furfuryl alcohol, m 
the presence of hydrochloric acid, based on. approximate time required for gelation. 
iDelmorUe ®) 
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It is notoriously difficult to bond together fully cured phenolic 
laminates. ‘‘Resin X/' however, can be used as an adhesive for these 
plastics and unites them so firmly that where a properly cured joint is 
placed under shear, failure will first occur in the phenolic skin or body 
of the laminate rather than at the bond or in the adhesive. The shear 
strength of the bond decreases somewhat with increasing temperature, 
but joints are resistant to boiling water. Another remarkable feature 
of “Resin X*’ bonds is the fact that their strength is relatively inde- 
pendent of the thickness of the glue line, joints having been prepared 
with glue lines up to 1/32 inch in thickness wherein the laminated 
phenolics so united failed before the adhesion or adhesive. Thoroughly 
satisfactory bonds between phenolic laminates are made from “Resin X” 
by adding catalyst and curing overnight at 120® F or for several days 
at 85® F. 

Other materials which can be united with “Resin X'' include “Marco'' 
and “Laminae" laminates, compregnated wood (after sanding), syn- 
thetic rubbers, natural rubber (after cyclizing with sulfuric acid), 
aluminum, brass, and ceramic materials. 

Physical properties of cast “Resin X" are listed in Table 187. 


Table 187. Properties of '‘Resin X*'® 


Tensile strength (ultimate) 
Compressive strength 
Flexural strength 
Modulus of elasticity (flexure) 
Shear strength (Johnson shear tool) 
Water absorption (24 hr) 


4.000 Ib/sq in 
12,000 “ 

9.000 “ 
1,100,000 “ 

5,700 “ 

0.05% 


Military applications of “Resin X" have included the bonding of 
synthetic rubber to phenolics in valve assemblies, cementing of ammu- 
nition boxes, and bonding of aircraft flooring. 

Newcomers to the ranks of furfural resins are “Duralon" and a re- 
lated material sold for surface coating applications under the trade 
name, “Tygon F-460." While the specific nature of these two products 
has not been divulged, they appear to be obtained from furfuryl alcohol 
by the action of acids. Early products of this type were derived, in part, 
from interaction of furfuryl alcohol and ethyl silicate. Principal applica- 
tions of these materials to date have been in the field of protective 
coatings, impregnants, and laminating and casting resins. 

“Duralon" 4 and “Duralon" 1 are available as 100 per cent furane 
resins, being dark colored, viscous liquids which, upon admixture with 
catalysts such as phosphoric acid, hydrochloric acid, organic sulfonic 
acids, acetyl chloride, benzoyl chloride, or acidic salts, are capable of 
being cured to a thennoset product resistant to water, solvents, and 
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heat. Where concentrations of catalyst in the order of 1 per cent are 
used, heating to 175>>260‘‘ F effects cure after several hours, an inter- 
mediate rubbery mass being formed before complete conversion to a 
hard tridimensional product. Thoroughly cured ''Duralon” shows a Rock- 
well hardness of 100-115 on the M scale. It does not cold flow and 
does not support combustion. It can be easily machined. Its resistance 
to dilute acids and alkalies at room temperature is good, but it is not 
stable in the presence of oxidizing acids and should not be used in con- 
tact with 'concentrated alkalies. It is said to be highly resistant to or- 
ganic solvents, water, and water vapor. Top operating temperatures 
range from 325 to 375° F. It possesses interesting electrical properties, 
being non-tracking and having a breakdown voltage in excess of 1000 
volts per mil. 

Uncured “Duralon” may be dissolved in such solvents as ketones, 
esters, and aromatic hydrocarbons. It may also be blended with certain 
other synthetic resins such as oil-modified phenolics, alkyds, coumarone- 
indene resins, and drying oils. 

For a more detailed discussion of furane resin adhesives, see John 
Belmonte, “Chemistry and Technology of Adhesives,” New York, Rein- 
hold Publishing Corp., In press. 

Ketone Resins 

Various ketones can be resinified either as a result of enolization and 
polymerization of the unsaturated isomer, or by polymerization of an 
unsaturated ketone produced by intermediate reaction with formal- 
dehyde and subsequent dehydration. 

Cyclohexanone Resins 

Soluble varnish resins can be made from cyclohexanone by condensa- 
tion with either acids or alkalies at elevated temperatures. This ketone 
may also be resinified by condensation with formaldehyde. Numerous 
other resinous bodies have been produced experimentally from cyclo- 
hexanone. It has been rumored that American production of cyclo- 
hexanone resins is scheduled for the near future. 

Polymers of Alkyl Vinyl Ketones 

Considerable study has been made of the condensation of aliphatic 
ketones with formaldehyde to obtain polymerizable monomers. Most 
att^tion has be^ directed to acetone and methyl ethyl ketone. Resins 
from the latter compound appear more promising than those derived from 
acetone. Although the course of reaction can be controlled to yield 
numerous products, the most aiseful monomers produced from these sub- . 
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stances are the coiresponding vinyl ketones, obtained according to equa- 
tions (1) and (2), where R is H or CHg. 


O 0 

(1) HiC— C— CHi HaC— (!^— CH (CHiOH) 

J;ah 

H aC — i!/ — C^CHg 


I 

II 


O 

2CH.O 


O 


(2) HaC— C— CH2 ^ UiC^C—C (CH20H)2 

, «„- ^ 

^AH 


R 


C=CH, 

i 

The iinsatiirated compounds, methyl vinyl ketone, 

H,C— C— CH=-C^H2, 

. A 

and methyl isopropenyl ketone, 

HaC— C— C— CHa, 

<1 Ijh, 


boil at 80 and 98”, respectively. They polymerize spontaneously on 
standing — ^more rapidly upon heating or treating with peroxide catalysts — 
to colorless transparent plastics. The products may develop a yellow 
or faint greenish shade upon standing for several months. The resins 
are soluble in ketones and esters, but insoluble in water, ether, alcohols, 
and hydrocarbons. The polymeric substance obtained from methyl vinyl 
ketone possesses a refractive index of 1.50 and softens between 50 and 
60®. Properties of polymeric methyl isopropenyl ketone, derived from 
MEK (methyl ethyl ketone), are listed in Table 188. 

These resms have been proposed as molding powders, adhesives, and 
impregnating compositions. Sir Gilbert Morgan and his coworkers at 
the Chemical Research Laboratory, Teddington, England, and the du 
Pont Company in this country have carried out extensive investigations 
of vinyl ketone polymers, but as yet no industrial products of the kind 
are on the market, although monomeric methyl vinyl ketone has recently 
been made available by du Pont. 
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188. Certain Physical Properties of Polymethylisopropenyl Ketone 

Oeneral 

Specific gravity at 20® 

1.11-1.15 

Brinell hardness 

About 20 

Softening range 

60-80® 

\ Water absorption, % by weight 

After 24 hr at 20® 

0.3 

After 7 days at 20® 

0.7 

Optical 

Refractive index, nj} 

1.6212 

Relative dispersion 

53.2 

ScluhUiiy 

Acetone 

Soluble 

Dioxane 

Slightly soluble 

Pyridine 

Slightly soluble 

Alcohol 

Insoluble 

Benzene 

Insoluble 


SuLFUB Dioxide-Olefin Resins — ^Polysitlponbs 
In recent years, considerable interest has been aroused in the produc- 
tion of resinous materials from the reaction of sulfur dioxide with 
olefins and other imsaturates. Many compounds containing one or 
more double bonds, including olefins, diolefins, acetylenes, and unsatu- 
rated alcohols, ethers, acids, and cyanides, have been found to react 
with sulfur dioxide to yield polymeric sulfones. The structure of the 
product varies with the reactants, but Marvel and his coworkers have 
shown that where olefins of the general formula R — CH=H 2 are in- 
volved, the resulting polymer is composed of a “head-to-head-tail-to- 
tail” arrangement of its units, t.e.: 


(CH— CH^SO,— CH^H--SO,)»— CH— CHr-SO, — 

^ li k k 


Polymers of molecular weights as high as 280,000 have been reported. 

As a rule, sulfur dioxide does not react with olefins in the dark in 
the absence of catalysts, but both light of wave lengths shorter than 
3000 A and a variety of catalysts bring about reaction. Oxygen and 
numerous peroxides serve as catalysts foy this resinification, but their 
activity declines rapidly, probably as the result of oxidation of sulfur 
dioxide to the trioxide with consequent diminution of catalyst concentra- 
tion. Milder oxidizing agents are th^hfore more effective catalysts. 
Nitrates which are soluble in the reaction mixture are especially useful. 
Silver nitrate is particularly active, as- little as 0.006 per cent causing 
65 per cent conversion of butene-2 to polysulfone in five hours at room 
temperature, or 100 per cent conversion in forty hours. Sitch organq- 
metallic compoimds as lead tetraethyl, triphenyl bismuthine, and di-n- 
butyl mercury also act as slow catalysts. Resinification is inhibited by 
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typical antioxidants and by the presence of such olefins as isobutene, 
even though this olefin in the pure state forms polysulfones. 

In some instances, at least, there appear to be what Frey has called 
''ceiling temperatures*' above which resinification does not occur. In the 
case of isobutene, for example, reaction occurs readily at 4° and below. 
It becomes virtually non-existent at about 9*", and does not take place at 
all at room temperature. 

Resinous polysulfones derived from olefins are thermoplastic in 
nature and can be molded to coherent shapes. That obtained from 
n-butene, for example, can be molded under pressure at 125° to 180°, 
while the propylene resin requires somewhat higher temperatures in the 
range of 180° to 200°. Some of the molded plastics are colorless and 
transparent, but they usually possess more or less color and darken on 
heating, possibly because of the effect of traces of sulfur trioxide formed 
during polymerization. The resins vary in solubility characteristics. 
They are resistant to dilute acids, but are soluble without decomposition 
in concentrated nitric and sulfuric acids from which they can be pre- 
cipitated again by dilution. They are decomposed by concentrated alka- 
lies at elevated temperatures. Properties of various molded polysulfones 
are listed in Table 189. 

Potentially, olefin-sulfur dioxide resins are extremely inexpensive. Un- 
fortunately they possess various unfavorable properties, including a 
tendency toward discoloration and a propensity for gradual depolymer- 
ization to sulfur dioxide and the original olefin — characteristics which 
become especially pronounced upon heating. These drawbacks have 
thus far precluded commercial development. Extensive study of the 
industrial possibilities of these products has been carried out by the 
Phillips Petroleum Company and by the Virginia Smelting Company, 
the latter in co-operation with Battelle Memorial Institute. 

Miscellaneous German Wartime Developments 

During World War II, several other classes of resinous materials 
were developed in Germany on a more or less limited scale. 

Polyvinylpyrrolidone, 

r CHr~CH2 -I 

Ah, A=o 



was producedi from y-butyrolactone, ammonia, and acetylene. This sub- 
stance, soluble in both water and organic solvents, resembles albumin 
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in physical properties and was utilised during the war in 2,5 per cent 
aqueous solution as a blood substitute called “Periston.” It was used 
in the treatment of shock, more than 300,000 units having been ad- 
ministered to military personnel. 

Polymers of vinyl benzoate were introduced also, but did not meet 
with much success. 

Polyurethanes were among the most important German wartime de- 
velopments in the plastics industry. They were produced by the reaction 
of diisocyanates with polyhydric alcohols and were utilized in com- 
pression and injection molding powders, as well as in textile fibers and 
bristles and in leather substitutes. The most important resin of this 
category, “Igamid,” was a linear polymer made by reaction of 1,6- 
hexamethylene diisocyanate with butanediol-1,4. It was considered equal 
to nylon in many respects and superior to it in water-resistance and 
dyeing characteristics. 

Other plastics of an entirely different category, belonging to the 
melamine family, were produced by reacting benzonitrile with dicyandi- 
amide and condensing the -product with formaldehyde. Lacquers based 
on these resins are said to have exhibited better gloss and better heat- 
resistance than straight melamine types. 

Cou> Molded Plastics 

The so-called cold-molded plastics were first manufactured in this 
country in 1908 and enjoyed considerable popularity for over a decade. 
Although still important in the manufacture of many parts where heat 
and electrical insulation, as well as resistance to high temperatures, are 
essential, cold-molded plastics have been greatly out-distanced by hot- 
molded materials produced from synthetic and semi-synthetic resins de- 
veloped since 1908. 

Cold-molded plastics do not constitute a chemical family. They are 
usually produced from complex mixtures of miscellaneous binders and 
fillers and should scarcely be considered in a text dealing primarily with 
the chemistry of high polymers were it not for the fact that they 
compete with synthetic and semi-synthetic plastics in fields where heat 
and electrical resistance are of prime significance. 

Cold-molded plastics are composed in large part of inorganic fillers, 
usually fibrous asbestos with or without other mineral materials such as 
clay, silica, talc, or barytes, formed into a coherent whole by means 
of a binder which usually constitutes only one-third to one-sixth of the 
entire mass. The binder may be inorganic, in which case the product 
is refractory, or it may be organic in nature. 

The prepared batch of material, pulverized, is molded under pressure, 
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but without heat, in relatively inexpensive molds. Metal inserts are 
difficult to use in conjunction with cold>molded plastics and greater 
care is required in ejection of molded articles than in the case of hot- 
molded plastics. More liberal taper of the mold is essential, for cold- 
molded materials are fragile before baking. The die used for cold- 
molded articles usually possesses but a single cavity and the ejected 
shapes, formed rapidly, are subsequently heated to develop strength. 
Baking times may last from a few hours to several days, the oven 
temperature being raised gradually throughout the process until 220” or 
higher is attained. 

With refractory type cold-molded plastics inorganic binders are used. 
They usually consist of mixtures of hydrated lime and silica and require 
steam to convert them to a silica-lime cement. Varying from gray to 
white in color, inorganic, refractory, cold-molded plastics are extremely 
resistant to heat. They may often be operated continuously at tempera- 
tures as high as 1000° F. The line of demarcation between these materials 
and ceramic bodies is fine, indeed. 

Organic binders used for other types of cold-molded plastics are 
usually bituminous in nature. In some instances they may be based 
on synthetic or semi-synthetic resins, especially the phenolics. Bitu- 
minous binders are largely asphaltic in nature, Gilsonite being often pre- 
ferred. Pitches, such as stearin pitch or vegetable oil pitches, may also 
be used and drying oils, as well as rosin and other miscellaneous sub- 
stances like sulfur, are frequently employed. 

In preparing organic compositions of either bituminous or phenolic 
type, a solvent is employed to facilitate mixing with the binder. This 
liquid is later allowed to evaporate by aging and its elimination is com- 
pleted during subsequent baking operations. 

Bituminous cold-molded plastics are black or dark gray in color, 
whereas those bonded with phenolic resins border on brown. Inasmuch 
as the liller-to-binder ratio is usually in the order of 4:1, the heat re- 
sistance of organic-b(mded cold-molded plastics is good. In general, 
however, what is gained in heat resistance is sacrificed in tensile and 
impact strengths. 

Powders for fabrication into cold-molded plastics are usually manu- 
factured by the makers of the finished articles. Hiese materials are avail- 
able commercially under a variety of trade names from several manu- 
facturers, including the American Insulator Corporation, General 
Electric Company, Richardson Company, Garfield Manufacturing Com- 
pany, American Hard Rubber Company, Cutter-Hammer, Inc., Standard 
Plastics Corporation, Colt’s Patent Fire Arms Manufacturing Company, 
Rostone Corp., and others. 
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Conclusion 


The story of plastics does not end. To it there is no conclusion. 
Daily a new resin is bom, a striking application created, or a novel 
process of fabrication perfected. Of this industry Tennyson might well 
have written: “The old order changeth, yielding place to new.” 

The most remarkable characteristic of the plastics industry is the 
versatility of its products. It is this factor which has caught the fancy 
of the engineer, the manufacturer, and the consumer. Yet not a single 
plastic possesses properties previously unknown to man. The merit of 
these materials lies not in their properties per se, but rather in the new 
and unusual ways in which several properties may be combined. Thus 
the methacrylates are simultaneously shatter-resistant and transparent, 
some of the synthetic elastomers are rubberlike and yet highly re- 
sistant to solvents or oxidation, polyethylene possesses extraordinary 
dielectric characteristics and can be readily molded into relatively low- 
cost shapes, silicone fluids show exceptionally low sensitivity of viscosity 
to temperature. Innumerable other examples of plastics possessing unique 
combinations of properties are to be found in this text. Indeed, to 
justify their permanent existence, synthetic resins and plastics must 
usually have combinations of properties not found in natural materials. 
They can then do work which other previously available substances could 
not perform and they become constructional or engineering materials in 
their own right — ^not substitutes. And in the development of engineering 
applications of its products lies the future of the plastics industry! 
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Trade Name Index 


Abalyn, 218, 222 
Accelerator 8, 543 

662. 644 

808, 643 

833, 543 

A-10, 643 

A-32, 643 

A-77, 643 

R & H 60-D, 643 

Acc hard rubber, 649 
Acele. 671 

Acidseal paints, 620 
Acryloid, 457, 493-494 
Acrysol, 494 
Age Rite Hipar, 547 

powder, 546 

resin, 545, 647 

Agripol, 236 
Alclad, 527 
Aldur, 171 

Alkathene, 675, 578-680 
Allites, 619, 523, 526 
AUoprene, 626 
AUymers, 518-520 
Alperox C, 508 
Altax, 643, 547, 605 
Alvar, 377-379 
Amberlac, 238 
Amberlite, 166 
Amberol, 163, 238, 251, 253 
Ameripol, 23 
Amenth, 657 
Ameroid, 743 
Aqualite, 149 
Aquaplex, 238, 252 
Aquarex D, 498 
Aralac, 740-744 
Arazate, 644 
Armite, 642 
Arochem, 238 

Aroclors, 84. 436, 592, 702-703, 
770-771 
Aroflex, 238 
Aroplaz, 238 

A-X-F, 36, 300-301, 641, 555, 
674 

BakeUte, 17-20, 22. 141, 160 

Board, 132 

oast resinoid, 159 

cellulose acetate, 677 

contact resins, 606 

polystyrene, 427 

urea, 187, 193 

Baker oast resin, 150 
Banner hard rubber, 649 
Bathtub Butyl, 697 
Beokacite, 238, 268 
Beckamine, 193 
Beokosol, 238, 262 


Beetle. 172, 187 
Bemberg silk, 705 
Benalite, 728-729. 732 
Benaloid, 728 
Beutene, 543 
BLE, 545 
Bonderizing, 367 
Bubblfil, 713 
Buna, 531, 552, 572 

85, 559 

115, 569 

N, 32, 36, 39-40, 361, 359, 

662, 568, 605 

S, see GR-S; 553-554, 565- 

566 

Buramine, 194 

Butacite, 379, 383 

Butaprene, Firestone trade name; 

see Elastoprenes 
Butasan, 544 
Butazate, 544 
Butvar, 379 
Butyl Cellosolve, 694 
Butyl rubber, 39, 532, 542, 554, 
574, 691-597 
Zimate, 544 

C-9 alkyds, 238. 252 
Cabot No. 9 gas black, 596 
Caffelite, 734-736 
Calcene, 387, 596 
Captax, 543, 645, 547 
Carbic anhydride, 238, 295, 503 
Carbitol, 694 

acetate, 317 

Carbowax, 779-781 
Carboxymethocel, 704 
Cardolite, 167 
Catalin, 169-161 

melamine, 203 

Ceglin, 704 
Celanese, 16, 667, 671 
Celestron, 16 
CeUit, 15 

Cellophane, 16-17, 43, 60, 654, 
711-712 

, du Pont, 712 

, Sylvania, 712 

Cellosize, 704 

CeUosolve, 218, 317, 650, 694, 780 

acetate, 317, 656, 684 

Celluloid, tee Cellulose nitrate; 
10-12, 16, 22, 411, 637, 643, 
664-656, 657, 737 
Cel-O-Glass, 678 
Celotex, 42, 637 
Cerex, 438, 440-441, 446, 448 
Cheznigum III, 568 

IV. 666 

Chemlao, 750 

Chiorpropane wax 130, 774 
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CHM, 490 
Cibanite, 209 
Clarite, 293 
Cloradn 42 and 70, 773 
CMC, 704 

Colemorite, 732-733, 782 
Collocel, 704 

Columbia Resins, see Allites; 

Allymers; CR resins; 518 
Compar, 374 
Compreg, 96-96, 165-156 
Condensite, 19 
Cordura, 711 
Co-Ro-Lite, 132, 140 
CP-20, 774 
CP-70, 774 

CR resins, see Allites; Allymers; 

518-523, 529 
Crystal! te, 467, 490 
Cumar, 19, 292 
Cycle weld, 623 
Cjaene resins, 294 

Dc fluids, see Dow Corning 
fluids 

Diamond fiber, 642 
Dilectene, 209-212 
Dilecto, 149 

DMU, see Dimethylol urea (Sub- 
ject Index); 195 
DOTG, 543 
Dow 3X. 692 

Corning film, 761 

fluids, 758-760, 762 

greases, 763 

resins, 761 

scaling compound, 762 

Plasticizer 5, 219 

Dowtherm, 237 
DPG, 643 

Dr. West’s Miracle Tuft tooth- 
brush, 258, 284 
Duco, 657 
Dulux, 238 
Duprene, 552, 568 
Duralon, 785-786 
Duraloy, 149 
Duramold, 153 
Duraplex, 238, 248, 261 
Durez, 141, 150, 733 
Durite, 124, 141, 782 
Duroprene, 626 
Dyal, 238 
Dymal, 238 

DYNH resin (pdyethylene), 675, 
677 


Sastman 


acetate, 671 


propionate, 679 

Elfolite, 606 
Elvacet, 368 
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Elvanol, 372 
Emulphor. 779 
8 L Eeter Gum, 222 
Esterol, 238 
Ethanite, 610 
Ethasan, 544 
Ethasate, 544 

Ethooel, 693, 697-698, 700-701 

Ethofoil, 697 

Ethorayon, 701 

Ethox, 219 

Ethyl Cellosolve, 300 

rubber, 701-703 

— — Tuads, 544 

Zimate, 544 

Exton, 258, 284 

Fabrikold, 654 
Falkaloid, 238 
Fhlkyd, 288 

FiberghM, mb Contact resins. 
Chapter 19 (Subject Index); 
95, 507-509, 753, 74 1, 768-764 

Finish 14, 499 

Fibestos, 677 
Flexalyn. 219, 222 
Flexols, 219, 322-323, 881 
Flexon, 597 
Flexseal. 382, 884-386 
Formaline, 543 
Formex, 377 
Formica, 149 
Formvar, 376-377 
Fortioel, 686 
Fortisan. 658, 671 
Freon, 403 
Fyberoid, 642 

GalaUth, 17, 787 
Gastex, 596 
Gelva, 55, 368 
Gemstone, 159 
Geon, 352, 363, 393, 409 

latex, 351-352 

Glanzstoff, 16, 705 
Glyptal, 20, 217, 288 

1353-U, 244 

GR-A, 568 
QR-1, 596 
GR-M, 574 
GR-P, 605, 610 

GR-S, »ee Subject Index; 27, 89, 
437, 472. 556, 562-569, 600, 
617, 761 

, chlorinated, 633, 684 

. cyolised, 617, 622-623 

Halowax, 365, 773 
Harvel, 167 
Haveg, 159, 162 
Heatronio preheating, 78 
Hepteen, M3 
Hercolyn, 219, 222 
Hercose AP, 679-681 

C, 679-681 

Heroosol 80, 694 
HerssHe. 141 

Hexa, BBB Hexamethylene tetra- 
mine (Subject Index) ; 543 ' 
HTS insulation, 761 
Hycar, 565, 666, 600 

EP, 566 

OR, 351, 553, 568 


OS, 566 

TT, 566 

Hydramine, 194 
Hydrite, 610 

Xgamid, 791 
Igelite, 194 
Igevin, 369 
Impreg. 96, 155 
Indur, 141 
Insurok, 141, 149 
lonamines, 15 

Irvington 1226 Resin, 782-784 
Isolac, 635 
Isolene, 583 

Kalite No. 1, 547 
Kapsol, 218 
Keglined beer can, 805 
Kem>pol. 235 
Ker. 559 

Kienle (shellac substitute), 750 

Kiiksitc molds, 149 

Koda-Pak, 678 

Koresin, 447, 568-569 

Korogel, 351 

Korolac, 351 

Koron, 352 

Koroseal, 305, 326-328, 352. 554 
Korosealed fabrics, 850 
Kosmobile 66, 593 
Kp plasticizers, 218-219, 328 
Kiene, 23 
Kriston, 526 
Kronisol. 219, 828, 355 
Kronitex AA. 219, 322 
Kys-lte, 132 

Ijactoprene, 472, 568 
Lamicoid, 149 

Laminae, 61, 488, 506-509, 785 

Lanaset, 206 

Lanital, 740 

Ledate, 544 

Lewisol, 238, 253 

Lignolite, 724-726 

Lindol, 219, 322 

Loalin, 412, 427 

Lucidol, 415 

Lucite, 23. 38, 457, 478, 475, 
480-487, 489 
Lucitone, 492 
Lumapane, 678 

Lumarith, 16, 672^74, 677-678 

EC, 697 

Luperoo A, 472 
Lustron. 427, 446, 448 
Lutonal, 369 
Luvican, 453-455 
Luxite, 171 

M«{tM:,837 
Maisewo^, 687 
Makalot, 141, 288 
Mantrose, 750 
Marblette, 159 
Marbon, 625-626 
Marco laminates, 788 
Mareolitf, 515-516 
Marco resins, see o2ae MR I68isa> 
511, 523 
Marvelvn, 412 
Marvidbl,S68 


Masonite, 728 
Mathieson Plastic, 446-447 

rubber, 446 

MBT, 643 
MBTS, 643 

Meadol, 727-728, 732-733 
MEK, 787 
Melantine, 203 
Melite, 750 
Melmac, 200-206 ' 

Metal Impregnating Compound, 
No. 988, 515 
Methacrol, 494 
Methasan, 544 
Methazate, 544 
Methocel, 692 
Methox, 219 

Methyl Cellosolve, 317, 664, 694 

acetate, 317, 694 

rubber, 551-662, 617 

Tuads, 644 

Zimate, 544 

Micarta, 141, 146-149 
Mills Plastic, 409 
Mipolam, 363 
Mirasol, 238 

Mitscherlich paper, 95, 149, 522 
Monex, 543 

MR resins, see Marco Resins, 
Marcohte; 511, 515, 623-527 
Mycalex, 766 

Naftolen, 298 
National 5ber, 642 
Naugatex 144, 544 
Neoprene, gee Subject Index 
Neozone, 545 
Neutronyx, 770 
NeviUac, 293-294 
Neville G Resin, 295 

Resin, 292, 294 

Nevillite, 292 
Nevilloid, 294 
Nevindene, 292 
Nevtex, 294 
Nitron, 667 
Nixonite, 677-678 
Nixonoid, 667 
Norepol, 235, 531 
Novoplas A, 610 
Nuba. 292 

Nubun, U. S. Rubber Co. trade 
name; mb Elastoprenea 
Nylon, BBB Subject Index 
Nypene, 296 

Oil Stop, 166 

Onyx Liquid Resin BS, 194 

Onyx NCF, 194 

Onyx resin dispersions, 368, 494 

Opalon, 169 

Opal wax. 702, 708 

Oppanol, 588 

Organosols, 806, 818» 850^81 
OXAF, 548 

P-HiC. 323 
P-16, 323 
P-83, 547, 598 
Panelyte, 149 
Panilax, 209 
Paraoon, 282, 234 
Paradene, 292 
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Puraflow, 591 
Paranol, 238 
Paraplax, 280. 288. 842 

P“10, 511 

S-200, 234 

X-100, 232-233 

Paratao, 591 
Paratone. 591 
Parkwood-Textolite, 157 
Parlon, 251, 627, 629, 632-688 
PeCe, 351 
Peerless fiber, 642 
Penacolite, 153 
Pentalyns, 220, 222 
Perbunan, 552-553, 568 
Perduren G, 610 

H, 610 

Periston, 791 
Permalon, 409 
Perspex, 456 

Petrex, aee Subject Index; 239- 
240, 244-245, 252-253 
Petrex 5 and 21, 590 

poly basic acid, 253, 531 

Petropol, 298 
Phenester, 294 
Phenolyte, 149 
Piccolastic, 440, 445 
Piccolyte, 296 
Piocoumaron, 292 
Pip-Pip, 544 

Plaskon, 172, 178-179, 181, 183- 
187, 193 

Plaskon 900, 511 

911, 498, 510-512 

, foamed, 194 

glue, 191 

melamine, 203 

Plass, 171 

Plastacele, 677-678 
Plastamine, 194 
Plastisols, 305, 318, 350-351 
Plexene M, 440, 442-444 
Plexiglas, 38, 457, 473, 478, 484- 
485, 487, 489-490 
Plexigum, 457, 492 
Plexite safety glass, 457, 492 
Plexon, 701 
Pliochlor, 634 
Pliofilm, 625 
Plioform, 621-622 
PUoUte, 621-623 
S-1, 622 

S-3, 437-438, 574, 600 

Polaroid, see Subject Index; 397 
Polectron, 453-454 
PoUopas, 171 
Polyao, 472 

Polyfibre, 424, 428-433 
Polyflex, 434 
Polymer 66, 258 
Poly-Pale ester, 220, 222 

222 

Polythene, 575. 581 
Pontalite, 457 
Povimal, 368 
Pregwood, 155 
Primal. 494 
Pro-Nyl, 273 
Prystal, 159, 171 
PV,369 
PVA, 372 
P 3 rralin, 657 


Q-200 Series, Dow. 438^9 

Saolin, 627 
Rauzone, 238 
Reanite, 623 
Redmanol, 19 
Reogen, 547 
Resimene, 203 
Resinit, 610 
Resinox, 141, 150 
Resin X, 783, 785 

XV, 783 

Resistoflex, 374—375, 554 

Resloom, 206 

Resoglaz, 412 

Revertex, 535 

Revolite, 165 

Rezyls, 193, 230, 238 

RHonite, 194 

RHoplex, 494 

RH Polyvinyl acetate, 368 

Robertson Bonded Metal, 157 

Rubboues, 635 

Saflex, 379 

Santicizers, 213, 210, 323, 599 
Santolites, 214-215 
Santo resin, 39, 297 
Santowaxes, 767-768 
Saran, 36, 363, 391, 393, 395- 
409 

film. Type M, 406-408 

Scotch tape, 712 
SC plasticizer, 219, 323 
S-D-O. 31, 570 

Selectron 5000 senes, 511, 513- 
514 

Seraceta, 671 
Seraceta-fibro, 671 
Shelleiite, 732-733 
Shell solvents, 695 
Silaneal, 762 
Silastic, 763 
Sipalin AOM, 219 

SKA. 553, 559 

SKB, 553, 559 
Solvar, 372 

Solvesso, 192, 251, 695 
Solvsol, 695 
Sovprene, 553 
Spaulding fiber, 642 
Spauldite, 149 
SRA Dyes, 15 
Staybelite, 220 

esters, 219, 222 

Stimsonite, 491 
Stripcoat, 701 

Styraloy, 437, 574, 597-600 
Styramic, 436-437, 446, 448 

HT, 446-448 

Styrofoam, 432-435 
Styron, 412, 425, 427, 438 
Sulprene, 235 
Super Beckamine, 206 
Sylphrap, 712 
Sylplast, 187 
Sylsize, 704 
Syntans, 619 
Byntex, 238 
Bynthane, 149 
Bynthetic 100, 583 


Taylor, 149 
Taylor fiber, 649 
Teca, 671 
Teflon, 774-778 
Teglac. 238, 258 
Tego film. 151-158 
Tegowood, 155 
Tegul, 610 
Tenite, 102, 677 

I, 677 

II, 679-681, 683 

Tensolite, 625-626 
Tetrone A, 544 
Texcel, 712 
Textolite, 141, 150 

1421, 438-439 

Thalids, 499, 511-512, 515 
Tkermatomic black, 34 
Thermex heating, 77-78, 154, 709 
Thermocast, 701 

Thermoprene, see Rubber isomers 
(Subject Index); 619-620 
Thiofide, 543 

Thiokol, 57, 109, 299, 531-532, 
552-553, 600, 605, 607-610 

A, 609 

B, 609-610 

D, 609 

F, 609 

FA, 600, 605, 609-610 

latex, 600, 608 

N, 605, 610 

RD, 568, 609 

ST, 609-610 

Thionex, 543, 566 
Thionite, 610 
Thiotax, 543 
Thiurams, 544 
Tornesit, 626-627 
TPG, 543 
Trolitul, 412, 455 
Troluoil, 251 
Tuads, 547 
Tubize, 671 
Tuex, 544 
Tygon, 554 

F-460, 785 

Ty-Ply, 632 

TJformite, 190-191, 193 
Union Solvents, 695 
Unyte, 172 

Valite, 730 
Varsol, 695 
Vec, 409 
Vejin A-3, 498 
Velan, 704 
Velon, 409 
Velox, 17. 113 
Vernonite, 492 
VGB, 545 

Vibrins, 511, 514-616 
Victron, 412-413 
Vidal, 163 
Vimlite, 678 

Vinal, see Subject Index; 385-386 

Vinethene, 308 

Vinsol, 125, 220. 296, 365, 732 

ester gum, 222 

Vinylite, 6, 304-306, 327, 351, 
357-358, 360, 363-364, 409 
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Vinylite A aeries, 317, 366, 368 

Q aeries, 817, 352 

eYHM. 440 

VMCH, 367, 360 

V aeries, 317, 324, 832-336, 

330-360, 352-366 

X series, 846, 340, 370, 381- 

382,886 

Vinylseal, 368, 372 
Vinyon, 107, 805, 362 
Viskanol, 583 


TRADE NAME INDEX 

Visking, 712 
Vispronal, 583 
Vistanex. 583, 580 
Vuelite, 678 
Vue-Pak, 678 
Vulcalook. 620 
Vulcan, 244 
Vulcaplas, 610 
Vulcoid, 642 
VuLoot, 642 
Vulprene, 235 


Vultex, 535 

WSldwood Waterproof Glue, 101 
Witcogum, 235 

Zapon, 657 
ZBX, 544 
Zelan, 687, 704 
Zenite, 543 
Zimate, 647 
Zinlac, 750 
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, vinylcarbazole manufacture, 451 

, vinyl polymerization, 310-311 

Caulking compounds, coumarone resins in, 292 
Ceiling temperatures in polysulfone formation, 789 
Cellobiose, 639 

Cellophane, see Trade Name Index; Cellulose, 
regenerated, sheets 

, etymology, 16 

, history, 16 

Cellulose, 636-637 


acetate, 667-678 

, airplane dope, 13, 16, 667 

, enclosures, 677 

, blowing, 677 

butyrate, 679 

^ compatibilities, 866, 680, 696 

^ dimensional stability, 419 

, molding powders, 86. 680-683 

, , price, 686 

^ properties, 681-683 

plastioiiatioQ, 680-682 

eolubilities, 6^ 

^ sources, 80 

, in surface coatings, 679 

^ trade names, 679 

, uses, 679, 681. 686 

— , weather resiataiuse, 680 

, catalysts for manufaoturs, 668-659 

oellulur, 678 


chemistry, 668-659 

, compatibilities, 164, 215, 293, 296, 377, 

665, 695, 771 

, cross-linking, 617 

— degradation, 659 

, degree of acetylation, 668 

^ polymerisation, 659 

, diluents for, 664 

, dimensional stability, 419 

, film, 677-678 

— , forming, 104 

, forms, 16, 669-678 

glazing, 678 

, high acetyl, 657 

, history, 14-16, 657-668 

, hydrolysis, 60, 669, 711 

, intermediates, 30, 307, 659 

, laminates, 678 

, manufacture, 38, 668-664 

, molding powders, 85, 667, 673-677 

, , acetic acid content, 673-674 

, , compounding, 673-674 

^ ijjgh acetyl, 674 

, , molding methods, 676 

, — , mottled effects, 674 

^ , prices, 677 

^ production volume, 677 

-, — -, properties, 674-676, 682 

, — r— , trade names, 677 

^ nacB^ 676-677 

, molecular weight, 669 

nitrate, 679 

, plasticization, 665-667, 669, 681-682 

, primary, acetyl content, 663 

, , definition, 658 

^ methylene chloride in manufacture 

of, 661 

^ ^ structure. C58 

, production volume, 16, 671 

, propel ties, 064-t)70, 681 

propionate, 679, 681 

, compatibilities, 365 

, sources, 30 

rayon, 14-16, 667, 669, 671. 706 

^ bubble filled, 671 

, continuous filament, 669 

^ delustered. 67 1 

^ denier of, 67 1 

, dyes, 14-16, 671 

— , high strength, 60, 667, 671, 711 

hollow filaments. 671 

, production volume, 671 

^ spinning, 107, 669 

staple fibers, 669, 671 

tenacity, 276 

^ trade names, 671 


uaes, 671 

ripening, 661-662 

secondary, 659, 662 

^ acetic acid content, 663. 660 

, manufacture, 661-664 

, sheets, rods, and tubes, 103, 667, 677 

, solubilities, 16, 669, 664 

, solvents for, effect on viscosity. 664 

, surface coatings, 671 

, ultra violet traiumissmty , 678 

, uses, 669-678 

— , viscosity. 54. 669, 664. 671 

acetylation, control of, 661 

pretreatmoot for. 669 


alkali, 637 

, e^eoa otalorohyddo. reaction with. 


704 
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Celltilose, alkali, manufacture, 70&-700 ’ 

viscoae from, 708 

, alpha, 43, 44 

, manufacture, 644, 646 

, in urea resins, 176-177, 180, 184, 189 

, amino derivatives, 267 

, anisotropy, 640-641 

, chemistry, 637-641 

, crystallinity, 49-50, 640-641 

, degradation, 640, 646, 691 

, degree of polymerization. 637-638, 640 

— — derivatives, comparative properties, 681 

, compatibilities with chlorinated rubber, 

681 

, plasticizers for, 640 

, esterification, 640 

, esters, see Specific products; 41 

, compatibilities, 291 

, higher, 686-687 

mixed, 678-687 

, preparation, 687 

, properties, 684-686 

, etherification, 640, 687-689 

ethers, see Specific products; 41, 687-704 

, comparative properties, 688 

, degradation, 691 

, degree of polymerization, 691 

, substitution, 688^-689 

properties, 688-690, 692 

, in surface coatings, 691 

, water solubilities, 691 

, ethylene oxide reaction with, 704 

glycolic acid, 687 

, micelle dimensions, 641 

swelling agents, 668 

, molecular degradation in viscose manufacture, 

709 

, weight, 637-638, 641 

monoxanthate, 709 

, netting index, 49 

nitrate, see Pyroxylin; 643-658 

, airplane dope, 12-13 

, amine influence on, 647 

, available shapes, 665 

, blanking, 666 

, bonding, 656 

, chemical reactivity, 661 

, resistance, 656 

, chemistry, 6^, 644 

, compatibilities, 164, 193, 215, 218, 245, 

247, 249, 262-263, 294, 366. 367, 369, 376, 661, 
653, 667, 666, 695 

, in Cordite, 10, 13, 30 

, decomposition, 661, 656-667 

, degradation, 646-647, 664 

, digestion, 646-647 

, diluents for, 649-650, 652 

, dilution ratio, 650 

, ethyl silicate in, 762 

, explosives, 30, 651-662 

, extrusion, 101, 666 

, filaments, 667 

, film, 644, 660-663, 666 

— , forms, 651 

, fractionation, 643-644 

, grades, 648-649 

, in imitation leather, 654 

. history, 9-14, 21. 643 

manipulation, 104 

, manufacture, 643-648 

, in moisture-proof Cellophane, 711 

molecular weie^t, 646, 649 

— , nitrogen content, 648-649, 652 


, pigmented, 651 

, plasticization, 230, 661, 653-654 

, plastics, 654-657 

, , manufacture, 664 

, , properties, 661-656 

, , uses, 666 

prices, 667 

, production volume, 667 

, properties, 649-661, 681 

, purification, 646 

, safety glass, history, 13, 14 

, sheets, rods, and tubes, 103, 654, 666 

, skin coatings, 656 

, solubilities, 648-660, 663. 665 

, solvents, latent, 649 

, sources, 43, 644 

, spinning, 667 

, stability, test for, 661 

, stabilizers, 651 

, statistics, 657 

, storage, 648 

, surface coatings, 164, 193, 218, 247, 

262, 367, 648-649, 651-662, 664, 657, 701 

, trade names, 657 

, uses, 5, 648, 661-657 

, viscosity. 63, 646, 648-649, 662 

nitration, 643-648 

, occurrence, 3, 636 

, orientation in, 640 

plastics, see Specific types; 41-44, 86, 636- 

717 

, blue dyes in, 86 

, properties, 638-641 

, , relation to D. P., 638-639 

propionate, 686 

, purification, 691 

, reactions, see Specific cellulose derivatives; 

640 

, regenerated, 640, 704-713 

, , see Cellophane; Cellulose acetate rayon, 

high strength; Rayon; Viscose 

, , from acetate, 667-658, 671, 711 

, , bubble filled, 713 

, , micelles in, 641 

, , sheets, 711-712 

, , , available types, 712 

— — , , , coatings, 493, 711 

, , , crystallinity in, 49-50 

, , , gummed, 591, 712 

, , , history, 16-17 

, , , manufacture, 711 

, , , moisture proof, 664, 711 

, , , plasticization, 39, 711 

, , , prices, 712 

, , , production volume. 712 

, , , properties, 711-712 

, , , trade names, 712 

, , , uses, 712 

, , sources, 41, 43 

, , tubing, 712 

, separation from lignin, 720-721 

, solvents, 689. 706, 709, 721 

, sponge, 712-713 

, structure, chemical, 639 

, , physical, 640-641 

, tape, pressure-sensitive, 591, 712 

trixanthate, 709 

uses, 636-637 

— viscose from, 708 
— xanthate, see Viscose 

, ripening, 709-710 

, x-ray examination, 640-641 . 

Cement, see Adhesives 
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, acid-proof, plastic sulfur in, 610 

additives, 110 

, phenolic, 166 

, rubber, 541 

, “Thiokol,” 606 

Cetyl palmitate, 219 

Chain length of high polymers, 62-54 

reactions in polymerisation, 59-60, 415-416, 

461 

Chardonnet silk, 12, 704-705 

Chemical nature vs properties of polymers, 61 

Chemosetting resins, 47 

Chewing gum, resins in, 292, 367 

Chitin, deacetylated, 640 

Chlorinated rubber, see Rubber, chlorinated 

2-Chloro-l, 3-butadiene, 552, 570-571 

4-Chloro-l ,2-butadiene, 570-571 

Chloroethylbenzenes, 412-413 

Chloroprene, see 2-Chloro- 1,3-butadiene 

, polymers and copolymers, see Neoprene; 

555, 568-574 

Chloropropyl acrylate, ethyl acrylate copolymers, 
472 

Chlorostyrenes, polymers, 445-448 
Chlorosulfomc acid, m rubber isomerization, 618 

, — toluene sulfonation, 213 

Chopped fabric, as phenolic filler. 129-131, 134, 
136-137 

Clays, as resin fillers, 328-331. 337, 545, 600, 791 
Cloth, phenolic coated, 165 

, vinyl coated, 305 

Clutch facings, cashew resins in, 167 
Coal carbonization, 23-24 

, as plastics source, 23-32 

tar chemicals, production, 24 

composition, 24 

distillates, 23, 286-287 

, topping, 24 

Coatings, see Surface coatings 
Cobalt linoleate, effect on rubber, 635 
Coconut oil, in alkyds, 246 
Coffee beans, analysis, 734 

plastics, 734-735 

Coil impregnation, 165 
Coke, as plastics source, 28-32 
Coking, 4. 23-24 
Cold molded plastics, 791-792 
Cold-stretching, 107-108 

, of nylon, 273-274 

, polyesters, 228, 258 

, polyethylene, 575, 683 

, polystyrene, 428-429 

, polyvinylidene chloride, 395, 898, 400, 

405-406 

, rubber hydrochloride, 626 

, “Vinyon," 362 

Collodion, 10, 652, 654 

Colloids, protective, in pulp-resin dispersions, 130 
Coloring materials, in resins, see Dyes; 67, 8^86, 
118, 320 

Compounds, differentiation from mixtures, 1 
“Compreg,” 95-06, 155-156 
Compression molding, see Molding, compression 
Condensation, definition, 56 

, general discussion, 66-68 

polymerization, mixed. 60-61 

Contact resins, 06, 234, 497-529 

, allyl type, 515-527 

, bag molding, 498 

, ‘‘Carbic" anhydride in, 603 

catalysts for, 498, 605, 611-514, 517-618 

chemical nature, 601, 608 

— — ♦ cover sheets for, 498 


, crazing of, 619 

, curing cycles, 511, 620 

, from doubly unsaturated monomers, 

515-528 

heat deformation of, 519 

, honeycomb cores, 501 

, as impregnants, 515 

, inhibition of polymerization, 498, 514 

, laminates, properties, 502, 507-509, 

512, 514, 616. 520-527 

, mold lubricants for, 498 

, molds for, 498-499 

, monomers, properties, 513, 620 

, peroxides as catalysts for, 505 

, polyesters in, 503-528 

, prices, 528 

, properties, 506-527 

, as sealants for metal castings, 616 

, shrinkage on curing, 519, 526 

, styrene m, 438, 603-505, 512, 616 

, types, 497 

Congo gum, 220-221, 223 

glyceryl esters, 221 

Copal, 4, 162, 220-221, 223, 262 

eaters, 220-221, 223 

Copolymers, definition, 60 

Copper acetylide, as catalyst in acrylonitrile 
production, 460 

ammonia complexes, reaction with polyvinyl 

alcohol, 374 

, contact resin curing, inhibition by, 498 

, decomposition of polyvinylidene chloride by, 

399 

methyl, in silicone manufacture, 767 

oxide, in vulcanization of “Thiokol,” 602 

, in silicone manufacture, 757 

stearate, effect on rubber, 630 

, vinyl polymerization inhibition by, 311, 363 

Cordite, 10, 13, 30 

Core materials, in contact laminates, 501 

, expanded cellulose acetate in, 678 

, honeycomb, 601 

Cores, in casting molds, 98-99 

Cork, powdered, as vinyl resin filler, 350 

Corn cobs,' 735 

protein, 738, 748 

stalks, 637 

staich fermentation, 13, 38, 469, 651 

Cotton cord, in phenolics, 137 

, crease-proofing, 173, 193-194 

, culture, 43 

flock, in phenolics, 67, 136-137 

, in rubber, 546 

linters, 43-44, 129-130 

, cellulose acetate from, 669 

, cellulose nitrate from, 644 

, purification, 644 

, micelles in, 641 

, oxidized, in surgery, 637 

rag, in phenolics, 136-137 

Cottonseed oil, in alkyds, 246 
Cotton, as resin source, 43-44, 644, 659 

, soluble, see Cellulose nitrate 

Coumarone, 27, 286-287 

indene resinification, factors governing, 287- 

290 

resins, 286-302 

, in cellulose tape, 712 

^ compatibilities, 291, 293, 296, 645, 

630, 712, 786 

, cyolopentadiene in, 288, 295 

, history, 19-20, 286-287 

, hydrogenated, 291-293 
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Coumarone indene resini* hydrofewited, in ceUti- 
loae tape, 712 

, compatibilities, 590, 712, 748 

^ , iodine number, 292 

iodine number, 290 

manufacture, 287^290, 810 

, modified, 298-294 

“ — , — water dispersible, 204 

— , molecular weii^t, 289-290 

phenol modified, 298-294 

L, prices, 292 

^ production volume, 292 

properties, 290-291 

— ;; — ^ in rubber compounding, 291-292, 

545 

, sources, 27, 286-287 

^ structure, 290 

, styrene copolymers, 294 

^ in surface coatings, 287, 291 

^ trade names, 292 

, unsaturation in, 290 

, uses, 291-292 

^ water-dispersible, 294 

C-polymers, definition, 60 

Cracked gases, as plastics source, 34-89, 296, 414, 
557, 560 

Crease-proofing, textile, 173, 193-194, 206 
Crepe paper, in phenolics, 132 
Cresols, in coumarone resins, 293-204 

, in phenolics, 121-124, 141, 164 

Cresylic acids, tee Cresols 
o-Cresyl-p-toluene sulfonate, 213 
Cross-linking, in Butyl” rubber, 532 

, contact resins, 603-504 

, elastomers, 531, 569, 608 

, hard rubber, 548 

, of linear chains. 47-48, 68, 60, 472, 517 

, in polyacrylates, 472 

, rubber isomers, 621 

, silicones, 756-757 

, by vulcanisable plasticisers, 617 

, vulcanization, 531-532, 687 

Cryoscopy, molecular weight determination by, 61 
Crystallinity in high polymers, see Cold-etretching; 

X-ray pattern; Specific resins; 1, 2, 49, 228-229 
C-stage phenolics. 117-119, 121, 124, 163 
Cumene, pyrolysis of, 558 
Cuprammonium solution, 16, 705, 721 
Cuprene, 69 

Cuprous chloride, as acetylene polymerisation 
catalyst, 56S 
Custom molders, 115 

Cyanides, unsaturated, reaction with sulfur dioxide, 
788 

Cyclohexane, butadiene from, 558 
Cyclohexanone resins, 786 
Cyclohexyl-p-toluene sulfonamide, 213 
Cyclopentadiene, 238, 286, 295, 414 

, in coumarone resins, 288 

resins, 294-295 

rubber, 295 

Cyclo rubbers, aee Hubber isomers 
p-Cymene, as ” Butyl” rubber elastioator, 592 
Cystine, 260 

D 

Dammar, 4, 220, 223 

, compatibility with ethyl cellulose, 696 

Dandelion, Russian, sm Kok^aovB; 533 
Deoamethylene sebacate, 226 
Degree of polymerisation, definition, 60 
— of hemicoUoids, mesocoUoids, and 


Denier, definition, 671 
Dentures, methacrylates in, 492 

, nitrocellulose in, 11 

Design, mold, aee Mold design 

of molded parts, 72, 76 

Diallyl diethylene glycol carbonate, 618, 689 

ethylene glycol carbonate, 618 

— phthalate, 60. 517 

polymers, 518 

with polyvinyl butyral, 887 

, resin varnish, 518 

succinate copolymers, 515, 617 

Diammonium phosphate as melamine resin catalyst, 
206 

Diamyl phthalate, as plasticiser, 323, 476 
Diaphragms, elastothiomers in, 608 
, gas meter, 244 

Diatomaceous earth, as filler, 132, 260, 545 
Diazoaminobensene, as rubber blowing agent, 546 
Dibasic acids, see Alkyds; Contact resins; Nylon; 
Polyamides 

, from petroleum, 38 

, reaction with polyvinyl alcohol, 874 

, as resin source, aee Specific resin t 3 rpes; 

26-27 

Dibutyl carbonate, 264 ^ 

Di-n-butyl mercury, as catalyst in polysulfone 
formation, 788 

Dibutyl phthalate, 328, 365, 424, 476, 631, 651, 658, 
700 

sebacate, 323, 381, 699 

tartrate, as zein plasticiser, 749 

tin laurate, as vinyl stabiliser, 822 

maleate, as vinyl stabiliser, 822 

urea, in resins, 194 

Dibutoxyethyl phthalate, 323-324. 347 
Dicapryl phthalate, 323-324 

2.3- Dichlorobutane, butadiene from, 557-558 
Dichloroethyl ether, in divinyl ether manufacture, 

308 

, in elastothiomers, 602, 606, 609-610 

formal, in elastothiomers, 602, 610 

3.4- Dichloro8tyrene polymers, 445 
Dichlorostyrenci-but^iene copolymers, 446, 568 
Dichromates, reaction with polyvinyl alcohol, 374 
Dicresyl adipate, reaction with hexamethylene 

diamine, 263 

Dicyandiamide, as melamine intermediate, 197- 
198, 791 

Dicyclopentadiene, in coumarone resins, 288, 295 

resins, 294-295 

, structure, 294 

Die, extrusion, 101 
Dielectric heating, in plywood, 96 
Diels- Alder reaction, cyclopentadiene-maleic anhy- 
dride addition, 238 

^ in dicyclopentadiene formation, 

294 

^ fatty acid polymerisation, 

234-235 

— rosin-maleic anhydride ad- 
dition, 253 

— terpene-maleio anhydride 

addition, 239 

^ vinyl resin stabilisation, 822 

Die-pressing, 104-105 
Diethylbenyene, 438 

Diethyl carbonate, in ester interchange, 224-225 
Diethylene .glycol, aee Alkyds; Contact resins; 
Polyesters 

— — - — ' ohloroformate, 518 
maleate, pcdymera and copolymers, 508- 


eucolloids, 51 


506 
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phthalate, as sein plasticiser, 749 

Di>2'ethylhexyl phthalate, 322^324, 336, 839-344, 
346^49, 365, 409 
aebaoate, 323 

Diethyl phthalate, in cellulose acetate, 665 
Dihalides, reaction with polysulfides, 600-602 
Dihydronaphthalenes, preparation, 299-300 

, polymeric, properties, 299-300 

Dihydroxy diphenyl methane, 116 

methylol diphenyl methane, 116 

Diisobutylene, 69, 583 

, effect in polybutene formation, 686 

Diisobutylenes, by pyrolysis of polybutene, 584 
Diisocyanates, polyurethanes from, 791 
Dimensional stability of plastics, 66, 68, 419 
Dimerized acids, as zein plasticizer, 749 
Dimethoxyethyl phthalate, in cellulose acetate, 665 
2,3-Dimethylbutadiene, polymerization, 551 
Dimethylol urea, 174, 176, 194-195 

, acetals from, 192-193 

in wood treatment, 195 

Dimethyl oxalate, as urea formaldehyde catalyst, 
177 

phthalate, in cellulose acetate, 666 

Dimethylthianthrene, as polyvinyl chloride plas- 
ticizer, 336 

Dinitrobenzene, as vulcanizing agent, for acrylic 
esters, 472 

, , elastothiomers, 602 

Dioctyl phthalate, see Di-2-ethylhexyl phthalate 
Diolefins, reaction with sulfur dioxide, 788 
Di-N-pentamethylene thiuram disulfide, in 
“ Butyl ” rubber, 593 

— tetrasulfide, 544 

Dipentene, 239, 624 

Diphenylamine formaldehyde resins, 209 

, in cellulose nitrate stabilization, 651 

Diphenyl ether, as “Butyl” rubber elasticator, 592 
guanidine, 643, 606 

phthalate, as ethyl cellulose plasticizer, 700 

Dispersing agent, polyvinyl alcohol as, 374 

agents, in production of elastothiomers, 601 

Dispersions, acrylic, 494 
Dithiocarbamates, dialkyl, zinc salts of, 544 
Di-o-tolyl guanidine, 643 
Divinyl acetylene, 568, 570 

polymers, 570 

benzene, availability of, 438 

, copolymers, 60, 417, 438-439, 631 

ether, 308 

“ DMU,” see Dimethylol urea 
Dodecyl mercaptan, as masticating agent for syn- 
thetic rubber, 565 

Dow process, ethylbenzene from, 413, 558 
D. P., see Degree of polymerization 
Driers, in alkyds, 249, 251 
Drying of alkyds. Speed of, 248 

oil acids, dimerized, polyesters of, 218, 234- 

235, 555 

oils, in alkyds, see Alkyds 

, cellulose nitrate, 651 

, chlorinated rubber, 631 

— — , in cold molded plastics, 792 

, compatibility with furane resins, 786 

, derivatives of, 219 

heat-bodying of, 280 

— , methanolsrsis of, 234 

, in phenoUos, 123-124, 162^164 

, Bulfurized, 541 

— , in surface coatings, 108 

Duplicator, mold, 70 

“Dural,” mechanical properties, 156 

“Duramold” process, 158 


Dyes, see Coloring materials 

, m cast phenolics, 158 

cellulose plMtics, 16, 86, 671 

, nylon, 266 


E 


Ebonite, see Rubber, hard; 9. 22, 532, 548 
, synthetic, .565 

Ebullioscopy, molecular weight determination by, 
61 


Elastene, definition, 655, 574 
Elasticators, for butyl rubber, 592 
Elastolenes, 574-600 

, from tso-butylene, see “Butyl” rubber; 

Polybutenes 

, definition, 656 

, from ethylene; see Polyethylene 

styrene copolymer, 574, 697-600 

, , compatibilities, 599-600 

, , drawing, 698 

, , extrusion, 698 

, , fillers in, 600 

^ ^ molding, 598 

^ ^ plasticization, 698 

, , prices, 600 

, , properties, 697-699 

, , solubilities, 699 

^ ^ stability, 599 

, , uses, 597-698, 600 

Elastomers, see Elastolenes; Elastoprenes; Elasto- 
thiomers; Rubber 

, classification, 554-555 

, dichlorostyrene, as component of, 446 

, etymology, 654-656 

, natuial and synthetic, 530-614 

, nomenclature, 564-665 

, oil resistant, 661 

, plasticizers for, 230 

, synthetic, 550-574, 795 

, , cross-linking in, 531 

, , crystallinity in, 631 

, , x-ray studies of, 631 

, vulcanized, netting index of, 632 

Elastoplast, definition, 655 
Elastoplastics, 610-611 
, definition. 555 

Elastoprenes, see Elastomers; Rubber; 555-574 

, acrylonitrile copolymer type, 82, 39, 351, 

458, 552, 555, 560-561, 565, 568-669, 574, 609 

, , composition, 869, 606 

, , vinyl tripolymer with, 369 

, butadiene type, 656-568 

, carbon black in compounding of, 

532, 565-566 

^ compatibility with “Styraloy,” 

600 


, compounding of, 665-566 

, ebonite from, 666 

, manufacture, 559-561 

, netting index, 49 

properties, 661-568 

, raw materials, 555^569 

, trade names, 666 

, uses, 661, 565“666, 668 

, vulcanisation, 631 

chloroprene type, 668-674 
copolymer plants, 567 
definition, 555 
latex, 561 

production volume, 567 

styrene copolymer type, 39, 437, 472, 668’*660| 


562-564 
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Elastoprenes, stsrrene copolymer type, carbon black 
in, 566-566 

, , chlorinated derivatives, 683- 

684 

, , compatibilities, 600, 622 

, cyclized, 617, 622-623 

, formulation, 566 

, manufacturing costs, 568 

, tackifiers for„447, 668-569 

Elastothiomers, 600-610 

, carbon black in, 606 

, chemistry, 601-602 

, compatibilities, 600, 605 

- 11 — , composition, 600-603, 606, 609-610 

, compounding of, 602-606 

, definition, 666 

, jfi,/3'>dichlorodiethyl ether in, 602, 606, 609-610 

, dichloroethyl formal in, 602, 610 

. ethylene dichloride in, 600-602, 606, 609-610 

, diglycoside in, 602, 610 

, fiame-spraying, 109, 609 

, free sulfur in, 602 

1 glycerol dichlorohydrin in, 602 

, history, 600-601 

, latex, 600-601, 608 

, manufacture, 600-602 

, molding powders, 608 

, netting index, 532 

, odor, 600, 605 

, plasticization, 605 

, in plastic sulfur, 610 

, prices, 610 

, production volume, 610 

, properties, 606-606 

, propylene dichloride in, 602 

, in rubber program, 600^01 

, solubilities, 605-506, 608 

, stressHstrain relationships in vulcanized 

products, 603-604 

, structure, 601-602 

, in surface coatings, 609 

, tackification of, 606 

*, trade names, 609 

, trichloropropane in, 610 

, uses, 606-609 

, vulcanisation, 531, 602-605 

, x-ray pattern, 602 

Electric wire insulation, see Wire coatings; Specific 
resin types 

Electronic heating, 77-79, 125, 130, 154, 709 

sewing machine, 110 

Elemi, gtun, 4, 695 

Emul^ying agents, methyl cellulose in, 693 

, in vinyl emulsions, 365 

Emulsion polymerization, 310, 365, 471 
Emulsions, acrylic, 494 
, alkyd, 252 

, mo^ed ooumarone-indene, 294 

, in paper treating, 109 

, polsrvinyl acetate, 365, 367, 368 

, , exhaustion of, 367 

^ ^ organic solvents in, 368 

, stabilizers for in latex, 535 

, in surface coatings, 109 

, textile treating, 109 

Enamels, see Surface coatings 

, acrylic, 494 

, alkyd, 250-261, 268 

, , 4-hour drying, 261, 253 

, phenolic, 166 

End group method, for molecular weight deter- 
mination, 52 

Eosin, in deproteinized rubber, 536, 616 


Ester gum, 219-222 
, in alkyds, 252 

, compatibilities, 164, 690, 630, 661, 

679-680, 695 

, structure, 220 

with vuloanizable plasticizers, 617 

Esterification, as condensation reaction, 56-58 
Ester interchange, catalysts favoring, 225 
Esters, cyclic, 224-225 

, doubly unsaturated, see Contact resins; 528 

, moderately complicated, 219-221 

, resinous, 216-256 

, simple, 218 

Ethacrylio acid, 458 
Ethane, in natural ^s, 33 
Ethanolurea, in resins, 194 
Ethenoid, definition, 555 

Ethers, aromatic, as elastioators in “ Butyl ” rubber, 
592 

, unsaturated, reaction with sulfur dioxide, 788 

Ethyl acetate, 218 

acrylate, 466, 460, 472 

alcohol, butadiene from, 666 

, ethylbenzene from, 413, 668 

, from ethylene, 32 

benzene, chlorination of, 412 

, dehydrogenation of, 412-414, 558 

, manufacture of, 413, 568 

cellulose, 85, 531, 687-708 

in artificial leather, 701 

^ Bilk, 701 

^ casting compositions, 701 

, cloth laminates from, 701 

, compatibilities, 193, 216, 245, 247, 249, 

253, 291, 293, 296, 877, 693-696, 701 

, degree of polymerization of, 691, 693 

^ substitution of, 693 

, dimensional stability, 419 

, in ethyl rubber, 701-703 

fabric coating, 701 

film, properties, 697, 699-700 

, in hot melts, 701 

, molded plastics, 693 

, molding powders, 696-698 

, , preparation, 697 

, , properties, 698 

, , trade names, 697 

, in packaging, 697 

^ paper finish, 701 

, as pigment grinding base, 701 

, plasticization, 666, 693-694, 699, 702- 

703 

, prices, 697 

, properties, 688, 691, 693, 696-697 

, sheet, 697 

, solubilities, 689, 693, 694-696 

, in surface coatings, 193, 246, 247, 249, 

253, 693, 701 

, ultraviolet light effect, 696 

, uses, 693, 701 

, viscosity, 693 

in yam coating, 701 

diphenyl ether, as elasticator in “Butyl'^ 

rubber, 692 
Ethylene, 414 

, as chemical intermediate, 32 

, chlorination, 391 

chlorohydrin, acrylics from, 469 

— , acrylonitrile from, 559 

, alkali cellulose, reaction with, 704 

— ^ — dichloride in elastothiomers, 600^2, 605, 
609-610 

, sodium polysulfide reaction with, 57, 552 
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— , vinyl chloride from, 306-307 

diglycoside in elaetothiomers, 602, 610 

dihalides, condensation with aromatic hydro- 
carbons, 301 

elyool. ««« Alkyds; Contact resins; I&29-231, 

238 

, in C 3 rolio esters, 226 

malonate, 226 

oxalate, 58 

oxide, 306 

acrylic esters from, 469 

acrylonitrile from, 659 

, reaction with cellulose, 704 

, reaction with bensene, 413, 658 

, resins from, see Specific types; 34-36 

, vinyl chloride from, 306-307 

, vinylidene chloride from, 391 

Ethylidene diacetate, 307 
Ethyl methacrylate, 460, 473, 492 

, methyl methacrylate copol 3 rmers, 473 

“ ” rubber, 701-703 

silicate, 762-753 

, in furane resins, 786 

, hydrolysed, as impregnant, 762 

, , properties, 757-768 

, , uses, 757-758, 761-762 

sulfate, metal salts as urea catalysts, 177 

urea, in resins, 194 

vinyl bensene. 438 

Euoolloids, degree of polymerisation, 51 
Extenders, in phenolics, 125, 723, 728 
Extruded plastics, seasoning, 102 

, types, 103 

shapes, 101-103 

Extrusion, dry, 101 

, of thermosetting resins, 103 

, wet, 101 

F 

Fabrics, resin coated, 109, 247, 274 

, treated, 109, 701 

, rubberized, 8 

Factice, 219, 293. 296, 541 

Falling ball viscosimeter, 649 

Fatty acid chlorides, in modified coumarone resins, 

294 

— acids, in alkyds, see Alkyds 

acid salts, as driers, 249 

, dimerized, polyesters from, 234-235 

, as plasticizers for zein, 749 

, in rubber compounds, 645 

Feathers, chicken, 737 

Felt, “Vinyon” in, 362 

Fermentation, corn starch, 13, 38, 469, 661 

Ferric chloride, as rubber isomerizing agent. 620 

**Fibergla8,” see Glass fabric 

, after-treating, 499, 508 

, contact resin laminates, see Contact rosins; 

499-601, 607-609, 612 

, idass flock in, 499-601 

, desizing, 499 

, heat cleaning, 499, 608 

Fibers, nylon, 261 

, polyvinyl carbasole, 462-463 

, vinyl, 362 

Fibroin, silk, 259 
Filaments, cellulose nitrate, 667 

. polyester, 268 

, rubber hydrochloride, 626 

, spun, 107-108 

FUlers, in alkyds, 282, 244 
— , — “Butyl*’ rubber, 698-604 


, cellulosic, 129, 637 

, classification, 129 

, in laminates, see Specific types of laminates; 

91, 95 

, in melamines, 199 

, mineral, 129, 136-137, 140, 199 

, miscellaneous, 129 

, in molding compounds, 67, 77 

, phenolics, 118, 125, 129-140, 166 

, polybutenes, 588-589 

. rubber, 532, 541, 645-546 

, “Styraloy," 600 

, vinyl resins, 320, 328-331, 333, 337, 

341-343, 346, 348-350, 365-366, 379, 387 
Film, see Specific resin types; 677 

, cellulose nitrate, 656 

, ethyl cellulose, 697 

, photographic, 10 

, polyethylene, 576 

, polystyrene, 434-436 

, polyvinylidene chloride, 406—408 

, regenerated cellulose, see Cellulose, regener- 
ated, sheet; “Cellophane” 

, rubber hydrochloride, 625 

, silicone, 761 

, vinyl, 338-350 

P'inishing operations, 64-65 
Plre-retardent compositions, 173, 194, 773 
Fish oils, in alkyds, 248 
P'lame-spraying, of plastics, 109, 583, 609 
Flash, 64-65 

Flooring, resins in, 3, 110, 292 
Fluorescent laminates, 148 
Fluorinated polymers, 774-778 
Fluorine, organically combined, 774 
Foil, see Film; 103 
Food wrappers, 367, 760 

Formaldehyde, see Melamine resins; Phenolics; 
Polyvinyl formal; Sulfonamide resins; Urea 
resins 

, amine reaction with, 173 

aniline, 543 

, butadiene from, 656 ^ 

, as butylene polymerization accelerator, 586 

, casein reaction with, 739, 741-742 

, in cashew nutshell oil resins, 166 

, furfuryl alcohol reaction with, 782 

, hydrocarbon condensation with, 300 

, ketone condensation with, 786-787 

, in lignin plastics, 723 

, melamine resins from, 791 

, nylon from, 267 

, as plastics intermediate, 28 

, polyvinyl alcohol reaction with, 374 

, formal from, 376 

, in protein plastics, 738, 746-747 

, sources, 28, 33-34 

, soybean protein treatment with, 746-747 

, p-toluidine condensates, 543 

, as zein hardener, 749 

Formamide, hydrogen cyanide from, 459 
Formic acid, as nylon solvent, 274 
Forming of plastic sheets, 104 
Forms, for low pressure laminates, 96, 498-499 
Fractionation, molecular, of high polymers, 55 
Friction fortifying dusts, 167 
Friedel-Crafts reaction, 413, 674, 683, 691, 774 
Fulvenation, in coumarone resins, 290-292 
Sumaric acid, in contact resins, 603 

, i^ycol polyesters from, 230 

Furane resins, 780, 782-786 

— , adhesives, 786-786 

, casting, 783, 785 
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Funme resins, catalysts for curing, 781^ 

chemical resistance, 786 

— — , compatibilities, 786 

impregnants, 785 

, laminates, 783 

, miscellaneous, 788-786 

, molding, 783 

, properties, 785-786 

in surface coatings, 785 

, uses, 785 

Furfural, chemical characteristics, 780, 782 

, in lignin plastics, 723, 729, 782 

— — , manufacture, 780 
— , in phenolic resins, 12i 

, resinification, 783-784 

resins, 780, 782 

, in redwood plastics, 782 

, in synthetic rubber program, 780 

, uses, 780 

Furfuryl alcohol, resinification, 783-784 

, redwood plastics from, 782-788 

, — , uses, 783 

. resins from, 782-786 

, , catalysts for, 782 

, , uaes, 783 


G 

Gelatin, as protective colloid, 310 
Gibbs and Conover catalytic oxidation process, 
20, 27, 217 
Gilsonite, 541, 792 
Glass, low melting, 766 

, mar resistance, 523, 525 

brick, adhesives, 753 

fabric, see “Fiberglas” 

in phenolic laminates, 142, 145-146, 

149 

— , with silicone resins, 758, 761, 768-764 

fiber, as phenolic filler, 139 

fiock, in “Fibcrglas” laminates, 499-501 

lenses, as cellulose acetate inserts, 677 

Glaring, cellulose acetate, 678 

Glucose, consumption in viscose manufacture, 710 

^Glucose, unit in cellulose, 639 

Glue, see Adhesives; Specific resin types; 110 

, animal, in plywood, 151 

, casein, in plywood, 151 

, in creaming latex, 535 

line, rotting in plywood, 191 

, urea, 189-191 

Glutamic acid, 260 
Glycerol, see Alkyds 

dichlorohydrin, in elastothiomers, 602, 610 

, in phenolics, 125, 158 

, production methods, 39 

, rosin esters, 219-220 

, uses, 89 

Glyceryl campfaorate, 216 
citrate, 216 

phthalate, 216-317, 286, 240-848 

sebacate, 243 

succinate, 216 

tartrate, 216 

Glycine, 259-260 

Glycol esters, of acrylic acids, 528 

in contact resins, 508 

maleates, 280, 508 

phthaiates, 280 

rosin esters, 220 

succinates, 280 

Glyoxal, in phenolic resins, 124 
“Glyptal/* see Alkyds 


, etymology, 217 

Government rubber, polysulfide, 610 
QR-A, see Elastoprenes, aorylonitrUe oopolsniier 
type - 

Graphite, in laminates, 95 

, as phenolic filler, 135 

, as polyvinyl chloride filler, 328-881 

Greases, polybutenes in, 110, 5M, 591 
GR-I, see “Butyl” rubber 
Grignard reagent, in silicone manufacture, 757 
Grinding belts, rubber in, 546 

, centerless, 102 

wheels, polyvinyl acetals in, 879 

, polyrinylidene chloride in, 409 

, rubber in, 546 

GR-M, see Neoprene 

GR-P, see Elastothiomers; 610 

GR-S, see Elastoprenes, styrene eopedymer type 

Guaiacum, 4 

Guanidine, 197-198 

Guayule, 633 

Gums, nature of, 4 

, padding. pol 5 rv’inyl acetate in, 367 

Gutta peroha, 7, 536, 619 

, compatibility with polyethylene, 679 

, structure, 616 

H 

Hardening agents, in phenolics, 125 
Hard rubber, see Ebonite; Elastoprenes; Rubber, 
hard 

Heat cleaning, of “P'iberglas,” 499 

sealing, of thermoplastics, 110, 625 

treating, of “Fiberglas,” 499 

, thermoset plastics, 66 

Hemicolloids, 51 
Hemp, micelles in, 641 
Heptaidehyde-aniline, 548 

Hercules’ falling ball method for viscosity deter- 
mination, 53, 649 
Heteropolymers, definition. 60 
Hevea braBUienais, 7, 533 
guyanenaia, 7 

Hexaethylene glycol, in “Petrex” alkyds, 245 
Hexamethylene adipamide, see Nylon; Polyamides 

, structure, 262 

diamine, 268 

, manufacture, 267 

diisocyanate, polyurethanes from, 791 

tetramine, in phenolics, 118, 126 

^ redwood plastics, 732 

, as rubber accelerator, 543 

^ hydrochloride stabiliser, 624 

High polsrmers, natural, 2-6 

pressure technique, 40 

Histidine, 260 
Bobbing, 70 

Honeycomb cores, 501, 610-611 
Hosiery, nylon, 281 

, , preboarding, 276 

Hot melts, ethyl cellulose in, 701 

, polyvinyl acetate in, 867 

, rubber isomers in, 622 

HuUs, 735 

, oat, furfural from, 780 

Hydracrylonitrile, manufacture, 450 
Hydrocarbon resins, elastomeric, 800*601 

miscellaneous, 286-302 

Hydrocarbons, aromatic, condensation polymers, 
286, 300-301 

, , ^ y^th formaldehyde, 800 

, , isoprene, 296 



SUBJECT INDEX 


819 


, — ' — , M 6lafttic»torft tu • Butyl" rubber, fi02 

, , reaction products with dlhalides, 301, 

574 

, coal tar, oxidation of, 20, 26*27, 217 

, higher, as reein source. 30 

, as polystyrene plasticisers, 424 

, unaaturated. reaction with formaldehyde. 300 

Hydrochloric acid, as furane resin cat^yst, 788*785 

, in lignin plastics manufacture, 729 

Hydrogenation, of coumarone resins, 291*293 
Hydrogen cyanide, acetylene addition of, 460 
, sources, 459 

ion effect on phenolic resin formation. 119 

— — urea reein formation, 174 

soybean protein hardening, 747 

, from natural gas, 33 

peroxide, as methacrylate polymerization 

catalyst, 462 

Hydronaphthalene resins, 299-300 
Hydroquinone, as polymerization inhibitor, 415. 
462 

a-Hydroxybutyric acid, 459 

<i»>Hydroxydecanoio acid, molecular weight deter- 
mination of polymers, 62 
p-Hydroxydiphenyl, in phenolic resins, 122, 124 
Hydroxyethyl cellulose, 687, 691, 704 

as protective colloid in polymerization, 

310, 365 

I 

Ice cream, carboxymethyl cellulose in, 704 
Iceland moss, in latex creaming, 636 
“Impreg," 96, 166 
Indene, see Coumarone; 27, 286-287 
Inhibitors, foam, silicones as. 762 

, polymerization, 230, 363, 369. 415, 462, 585 

, in polysulfonc formation, 788 

, sun-checking, 641 

, in vulcanization of elastothiomers, 602 

Injection molding, see Molding, injection 
Inks, resins in, see Printing inks; 253, 367, 769 
Inlays, metal, 96, 143 
Inner tubes, ‘‘Butyl’’ rubber in, 595 
Inserts, in molded parts, 69, 72, 79-80, 89, 180, 677, 
792 

Institute synthetic rubber plant, 554, 662-564 
Insulating compositions, chlorinated biphenyl in, 
772 

, naphthalene in, 773 

oils, polyvinyl ethers in, 369 

Insulation board, cellulose in, 637 

, ‘‘Butyl’’ rubber in, 695 

, cellulose acetate in, 677 

, cold molded plastics in, 791 

, ethyl cellulose in, 697 

, nylon in, 283*264 

, phenolicB, foamed, in, 166 

, polyethylene in, 575-677, 583 

, ‘‘Polj^bre’’ In, 429 

, polyvinyl chloride in, 676 

, polyvinyl formal in, 877 

, rubber in, 847 

silicones in, 763, 761*764 

styrene elastolenes in, 597*698 
Iodine, catalytic influence on polymerisation, 869 
Ion exchange agents, 110, 166, 206 
Iron, oast, meohanicsl properties, 156 

, as decomposition catalyst for potyvinylidene 

chloride, 809 

Isobutylene, see isp-Butylene 
Isooyangtee, in polyvinyl butyrol, 887 
Isoootane, ^ 


Isoprene, 414, 536 

, in alkyl benzene condensation, 206 

, in ‘‘Butyl’’ rubber, 591 

, copolymers with chloroprene, 574 

, pentene-2, 296 

, polymerization of, 296, 550*551 

, from rubber, 536-550 

unit, in rubber, 616 

Isopropyl alcohol, as acetone intermediate, 86, 459 
— bensene, pyrolysis of, 414, 558 
Itaconic acid in contact resins, 563 

J 

Japan lac, 4 

Jet molding. 81-84, 124-125 
Joule effect, 538 

K 

Kapok. ‘‘Bubbfil’’ as substitute for, 713 

Kauri, 4. 220, 223, 695 

Keratin, 737 

Ketone resins, 786-788 

Ketones, amine condensation products of, 545 

, formaldehyde condensation products of, 786- 

788 

, from natural gas, 33 

, in phenolic resins, 124 

, as vinyl resin solvents, 305, 319, 353 

Kirksite molds, 149 
Knecht's compound, 643, 645 
Kok-sagyz, 533 

Kraft process, see Sulfate process; 42-43, 721 

pulp, in phcnolica, 77, 129-130, 132, 137*140 

L 

Lacquers, see Surface (;oaiingp 
lactic acid, acrylates from, 460 

, in cast phcnolics, 168 

^ sotireen, 460 

, as zem plasticizer, 750 

esters, pyrolysis, 460 

Laetide, 58 
Lakshataru, 5 

Laminates, see Specific resin t 3 rpe 8 

, aniline-formaldehyde, 209 

, decorative, 91 

, ethyl cellulose, 701 

, “ Fiberglas” base, see Contact resins; 96 

, fillers, 91, 95 

, furane, 7^5 

, high pressure, 91-96 

, low pressure, see Contact resins; 96 

, , phenolic type, 149-150 

, urea type, 188 

, lignin, 723-726 

, melamine, 203 

, methacrylate-polyvinyl butyral, 386 

, molded, 96, 132 

, phosphorescent, 148-149 

, post-forming, 96, 143-144 

, rods and tubes, 91, 93 

, shaped, 91, 96 

, thermoplastic, 91, 701 

, tolerances, 93 

, transparent, bird-resistant, 386 

Laminating paper, phenolic impregnated, 152*158 
foil, vinyl type, 382 

Latex, see Emulsions; specific resin types, 583*535 

, coagulation, 534 

, composition, 533-534 

— concentration, 585 
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Latex, consumption, 534 

, impregnation with, 535 

, neoprene, 674 

, occurrence, 7 

• polyvinylidene chloride, 852 

, stabilization, 534 

, “Thiokol," 600, 608 

, utilization, 634r-<B35 

, vulcanization, 535 

Lauroyl peroxide, as polymerization catalyst, 232, 
310,462,505 * 

Lead dimethyldithiocarbamate, 544 

, inhibitor for contact resins, 498 

— oxides, as vulcanizing agents for ‘*Thiokol,*' 
602 

, powdered, in rubber, 546 

, red, in phenolic cements, 166 

silicate, as vinyl stabilizer, 322 

stearate, as vinyl stabilizer, 322 

tetraethyl, as polymerization catalyst, 310, 788 

Leather coatings, alkyd, 247 

, casein, 744 

cellulose nitrate, 652, 654 

, imitation, 13, 165, 654, 701 

, patent, cellulose nitrate in, 654 

substitutes, polyurethane, 791 

treating, acrylics in, 494 

, melamines in, 206 

, ureas in, 193 

Leucine, 260 
Licorice root, 637 

Light, influence on acrylate polymerization, 462- 
464 

— oil, as resin source, 24-25 

scattering, molecular weight by, 54 

Lignin, 718-721 

, acid, 718, 720-721 

, alcohol, 721 

, alkali, as phenolic resin extender, 723, 728 

, , plastics from, 727-728 

, , in redwood plastics, 732 

, butanol, 721 

, composition, 718-720 

, content in wastes, 735 

, destructive distillation, 720 

, detection, 720 

enriched paper, 723, 726 

esters, 720, 728 

, glycol, 721 

, hydrogenation, 720 

laminates, 723-726 

— methanol, 721 

, methoxyl content, 719 

, occurrence, 636, 719 

, phenol, 721 

in phenolics, 125, 723 

plastics, tee Bagasse plastics; 42, 44, 718-736 

^ by acid digestion, 729 

from coffee beans, 734-735 

furfural in, 782 

: — , manufacture, 722-726 

, molding powders, 723, 726-727 

, phenol modified, 727-728 

, plasticization, 723 

, from redwood, 730, 732-734 

, by solvent digestion, 729 

, sources, 44, 784-735 

, from wood chips, 728-729 

, n>propylbenzene unit in, 719 

— — separation from cellulose, 720>-721 

, structure, 718-720 

, vanillin from, 720 

Lignosulfonio acid, 721-723 


Lime, hydrated, in cold moldea plastics, 792 
Linoleum, alkyd coatings, 247, 258 
Linseed oil, in alkyds, 248, 250-251 

, compatibilities, 579 

Linters, cotton, eee Cotton linters; 43-44 
Liquidanibar orientalie, 411 
etyraeifiuat 411 

Low pressure molding, eee Bag molding; Molding, 
low pressure; Contact resins; 61 
Lubricants, mold. 67, 118, 125, 177, 320-321, 498 

, polybutenes in, 110, 589, 591 

, polyglyools in, 779 

, silicones as, 498, 762-763 

Lubricating oils, pour point depressants in, 773 
Luminescent pigments, in polystyrene, 424 
Lysine, 260 

M 

Macerated fabric, as phenolic filler, 136-141 

Maorocyclic esters, 225 

Magnesium carbonate, in rubber, 545 

oxide, as rubber hydrochloride stabilizer, 624 

Maleic acid, contact resins from, 503-504 

, glycol polyesters, 230 

from petroleum, 38 

, in vinyl tripolymer, 357 

anhydride, eee Alkyds 

, in alkyds, 253 

. production volume, 288 

heteropolymers with styrene, 60, 417- 

418, 440 

manufacture, 26, 217 

, rosin adduct, 263 

, modified alkyds, 252 

terpene adduct, 239 

, , in alkyds, 238-240, 244-245, 

531 

, , compatibility with poly- 

butenes, 590 

^ ^ polybasic acid, 239-240, 258 

as vinyl stabilizer, 322 

— — esters, copolymers with vinyl acetate, 868 
Manila gum, 220, 223, 771 
Markonikoff's rule, 624 
Mastic, 4, 365 

Mechanical manipulation of plastics, 63-112 
Melamine, preparation, 197-198 

, source, 32, 198 

, tautomeric forms, 198 

resins, 197-207 

, acetals of, 199 

, in alkyds, 247, 254 

from benzonitrile, 791 

, chemistry, 197-1 W 

, compatibilities, 247, 693 

, curing conditions, 200-201 

, fillers in, 199 

, history, 197 

, as ion exchange agents, 206 

, laminated, 91, 96, 203 

, molding powders, 66-67t 199-205 

, , colors in, 199 

^ ^ prices, 203 

, ^ properties, 200-202, 204-206 

, , trade names, 208 

— , paper impregnation with, 206 

. patent situation, 197 

— , phenolic modified, 206 

— , in plywood, 206 

, structure, 199 

, in surface coatings, 199, 208, 206 

, in textile finishing, 199, 206 
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, urea modified, 203, 206 

uses, 203-206 

, in vinyl tripolymer, 869 

Melisaic palmitate, 219 
Mercaptans, acetylene reaction with. 451 
2-MeTCapto-benzothiazoIe, 643, 593 
Mercury, as contact resin inhibitor, 498 
Mer, de^ition, 60, 554-555 
Mesocolloids, degree of polymeiization of, 51 
Metal alkyls, as resinification catalysts, 310 
Metal castings, sealants for, 110, 438, 515 

foil coatings, 369, 671 

oxides, in curing “Thiokol," 602 

Metals, powdered, ace Powdered metals 
Metal top sheets, in phenolic laminates, 143 
Methacrylates, see Acrylic resins; specific types; 

85, 795 

, bulk polymerization, 310 

, cast, 100-101, 473-490 

, , dyeing of, 489 

, , properties, 477-485 

, , rods, production methods, 475-477 

, sheets, production methods, 474 

, , protection of, 474-475 

^ ^ shaping of, 104, 481 , 485-488 

, , special products, 490 

, tubes, production methods, 477 

, , uses, 485, 488-489 

, cementing, 489 

, comparison with “Allites,” 519 

, compatibilities, 291, 293, 296, 355, 359 

, crazing, 519 

, in dentures. 492 

, depolymerization, 471 

, dimensional stability, 419 

, elastic memory, 485 

, formation of, factors affecting, 463-468 

. glycol and' polyglycol esters, 528 

, granulation polymerization, 490 

, heat resistant, 473, 479 

, induction period in polymerization, 463 

, inhibition of polymerization, 369 

, injection molding, 490 

, laminates, 886, 488 

, “light-piping” by. 478-479, 491 

, machining of, 479-480 

, mar resistance of, 523, 525 

, molding powders, 310, 499-492 

^ ^ properties, 482-486 

, , uses, 499-492 

, monomeric, 458-460, 470, 492 

, mounting, 485-488 

, partially polymerized, 492 

, prices, 489 

, properties, 469-471, 484-485 

, scratch resistance, 457, 473, 479 

, shapes, 489-490 

, shrinkage during casting, 473-474 

, sizing applications, 494 

, solubilities, 480 

, sources, 30, 32, 38 

, three-dimensional effects with, 491 

, ultraviolet transmissivity, 477-478 

, with vulcanizable plasticizers, 517 

, windscreens, 480, 486-487 

; gone molding of, 491 

Metbacrylic acid, 458 

, in contact resins, 603 

anhydride, copolymers with methacrylates, 

478, 470 

Methacrylonitrile, from petroleum, 459 
Methfdlitoethaoxylate, 528 
Methane, in natural gas, 38 


, oxidation of, 33-84 

Methanol, acetic acid from, 28 

, oxidation, 28 

, synthesis, 28 

, from water gas, 33 

, by wood distillation, 719 

Mcthoxyethyl acetyl ricmoleate, 323, 325 

oleate. 218 

Methyl abietate. 218, 222 

■ , hydrogenated, 218—219 

acrylate, 466, 460 

butadiene copolymers, 668 

elastomers, 574 

polymers, vulcanization with quinone 

dioxime, 531 

, properties, 460 

vinyl chloride copolymers, 363 

n-amyl ketone, in vinyl lacquer, 366 

tso-butyl ketone, in vinyl solutions, 353, 365- 

356 

cellulose, 687, 692-693 

— , coagulation, prevention of, 692-693 

^ — , compatibilities, 693 

, gelation, 692 

, precipitants, 692 

properties, 693 

^ ag protective colloid, 310 

, solubilities, 689, 692 

, uses, 693 

, viscosity, 692 

Methylene chloride, in cellulose acetate manufac- 
ture, 661 
diurea, 174 

ratio, in phenolics, 116, 119-121 

Methyl ethyl ketone, formaldehyde condensation, 
786-787 

isopropenyl ketone, 787 

methacrylate, in contact resins, 234, 604-506 

, ethyl methacrylate copolymers, 473 

polymers, see Methacrylates; 467 

, properties, 460 

Methvlol melamines, formals from, 206 

phenols, 116-116 

Methylolurea, formats from, 176 

m wood treatment, see Monomethylol urea; 

Dime thy lol urea; 194 

Methyl phthalyl ethyl glycolate, as cellulose acetate 
plasticizer. 665 

rubber, 551-652, 617 

styrenes, 414, 440 

vinyl ether, 370 

ketone, 787 

violet, in testing cellulose nitrate, 661 

Mica, alkyds in bonding, 216-217, 242 

, in low melting glass, 766 

, as phenolic filler, 132, 134-136 

, in preforms, 77 

, in silicones, 761, 763 

Micellar theory, 641 
Micelles, 641 

Milk, casein content of, 44, 738 
Milliken digester, 647-648 
Mineral fillers, 136-137, 140, 199 
Mitscherlich paper, in laminates, 95, 149, 522 
Mixtures, differentiation from compounds, 1 
Moisture, in thermoset resins, 66 
Molasses, fermentation of, 469 
Mold cavity, see Mold design 

design, for cold molded plastics, 792 

, compression, 69-76 

, injection, 89-01 

, transfer, 79-81 

Molders, custom, 64, 67 
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Moldiac, bag methods, $«e Bag molding 

compounds, particle sise, 64 

, thermoplastic, preparation oi, 84-^ 

, thermosetting, preparation of, 66-67 

- — , compression. 67-79, 84, 126 

, general principles, 1, 68-91 

, history, 10 

, injection, 81-91 

, , combined with blowing, 105-107 

, , of thermosetting resins, 124 

, jet, 81-84, 124-125 

, low presihire, 66, 497-601 

powders, sss Molding compounds; specific 

type of resin 

, slush, 101 

, of thermoplastics, 84-91 

, thermosetting plastics, 66-84, 124 

, transfer, 79-81, 126 

Mold lubricants, aee Lubricants, mold 
Molds, blowing, 106-107 

, casting, 98-100, 168 

, compression, 6^76 

, flash, 70-71 

, Kirksite, 149 

, loose-parts, 70 

, low pressure, 149 

, materials of construction, 76 

— — , positive, 70-72 

, semi-positive, 70-72 

, spUt, 70-71, 80 

, transfer, 79-80 

Molecular sise of resins, see Molecular weight; 2, 

61,68 

*— weight determination, effect of impurities on, 

64 

— , methods of, 61-64 

distribution, 64-66 

— — , number average, 66 

relation to resin properties, 46, 60-66 

viscosity, 68 

, weight average, 66 

Molecules, linear, 46 

, tridimensional, 46 

Monoglyoerides, in alkyd production, 246 

Monomers, doubly unsaturated, 497-629 

Monometfc^lol urea, 178-174, 176 

Montan wax, compatibility with polybutenes, 690 

Mottled thermoplastics, 86 

Mustard gas, manufacture, 32 

N 

Naphtha, coal tar, 286-290 
Naphthalene. 290 

, chlorinated. 766, 772-778 

, chlorine content, 772 

, , compatibilities, 866, 376, 680 

, , manufacture, 772 

, , as plasticisers, 773 

, , properties, 772-778 

, , in surface coatings, 778 

, , uses. 773 

, , with vuloanisable plasticisers, 617 

, formaldehyde reaction with, 300 

, oxidation, 217 

Naphthenates, as driers in alkyds. 249 
Naphthols, in phenolies, 128 
Naphthylamines, aldehyde reaction with, 208 
j8-Naphthyl mercaptan, 641 
Nastukoff reaction, 800 
Natural gas, butadiene from, 667 

carbon black from, 34 

— , dbemicals from, 38 


components, 88 

, cracking, 84, 667 

, oxidation, 83-84 

, resins from, 82-34, 667, 660 

high polymers, 2-6 

resins, aee Resins, natural; 4-6 

Naval stores industry, history, 3-6 
Neoprene, 30, 69, 632, 562-653, 668-574 

, accelerators for, 673 

, with alkyds, 244 

, chemistry, 672 

, compatibilities, 600, 606 

, compounding, 678 

, elaatothiomers in, 606 

, by emulsion polsrxnerisatimi, 672 

, emulsions, 674 

, grades, 674 

, netting index, 632 

plants, location, 674 

, properties, 678-574 

, solubilities, 674 

, source, 80 

, stabilisation, 672-678 

, vulcanisation, 631, 673 

, x-ray diffraction pattern, 672 

Netting index, aee Specific polymers; 48-49 
Nickel carbonyl, as acrylic acid (from acetylene) 
catalyst, 460 

Nitric acid, as accelerator in butylene polymeri- 
sation, 586 

Nitriles, aliphatic, from ammonia, 469, 669 

, , petrolemn, 459, 669 

Nitrobensene, as vulcanising agent, 642 
Nitrocellulose, aee Cellulose nitrate 
Nitrogen bases, as polsrvinyl carbasole catalysts, 
451 

, fixed, 32, 39-40 

. resins from, 39-40 » 

. sources, 39-40 

Nitroglycerin, in smokeless powder, 661 
Nitro silk, aee Silk, Chaxdonnet 
Nitroso compounds, as acrylate vulcanising agent, 
472 

Nitrosyl chloride, in isoprene polymerisation, 661 

Nonaethylene glycol, in **Petrex’' alkyds, 246 

No-pressxjre resins, see Contact resins 

Novolacs, 118, 123 

Noszle, in jet molding, 83 

Nutshells, 129, 169, 735 

Nylon, see Polyamides; 267-286 

, annealing of, 267 

, bristles. 273, 281, 283-284 

, catalysts in formation of, 262 

, chemistry, 269-267 

, cold-stretching, 60, 267, 273 

, comparison with polyurethanes, 791 

, crystallinity in, 266-267, 274 

, definition, 267 

, delustering, 278 

, dyeing, 266, 278 

, extruded, 278-274 

, fabrication, 269-274 

, filament, continuous, 281, 288 

, film, 274 

, foamed, 274 

, hisjtory, 267-269 

, hysteresis, 276-276 

— manufacture, 282-268, 267-269 

-, mating point. 274 

, mesomorphism in, 267 

, molded, injection, 274, 282 

, moisture sensitivity, 276, 278 

, molecular wei^t, 264-2^ 
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, monofilaments, 283 

, orientation in, 267, 274 

, permanent set, 276-277 

, pre-boarding, 276 

, production, 259 

, properties, 274-282 

, quenched, 267 

salts, 261-262 

, conductivity, 265 

, sizing of, 272-273, 374 

, solvents for, 262-263, 274, 284 

, spinning, 107, 262, 269-273 

, staple fiber, 283 

, tenacity, 274-275 

, from tetrahydrofurane, 267, 557 

, tire cord, 283 

, types, 267 

, uses, 259, 273-274, 281-284 

, viscosity of, 264 

, stabilizers, 265-266, 269 

, x-ray pattern, 266-267 

, yarn, 269-280 

, , properties, 274-280 

O 

Octenes, from polybiitene pyrolysis, 584 
scc-Octyl phenol, in phenolios, 122, 124, 164 
Odorants, for rubber, 541 
Oil cloth, coumarone resins in, 292 

lengths, of alkyds, definition, 246-247 

Oils, in alkyds, 218-219, 246-252 

, drying, see Drying oils 

, , in alkyds, 247-252 

, , in urea resins, 193 

, fatty, 219 

, , resins from, 40 

, in rubber, 545 

Oiticica oil, in alkyds, 248, 250 
Olefin polymers, 555 
Olefins, cyclic, polymerization, 286 
Olefin-sulfur dioxide resins, 78^789 
Oleic acid, in alkyds, 217 
Optics, methacrylates in, 490 
Organolites, see Ion exchange agents 
Organo metallic compounds, as vinyl stabilizers, 
322 

Organosols, 305, 318, 350-351 
Orientation in benzene ring, effect on phenolic 
resin formation, 121-122 

in resins, see Cold stretching; specific resin 

types 

Osmometry, molecular weight by, 52 
Ostwald viscosimeter, 53 
Overcure, 78-79, 124 

Oxidation, catalytic, of coal tar hydrocarbons, 20, 
27, 217 

, effect of on properties of polyethylene, 576, 

579-580, 582 

Oxides, metal, as accelerators, 542 

>, , ethylene oxide polymerization 

catalysts, 778 

, vinyl stabilizers, 822 

, , vulcanizing agents in elasto- 

thiomers, 602 
Oxygen, occurrence, 752 

, as polymerization inhibitor, 462-463, 514 

Ozone, as polymerization catalyst, 310 

P 

Paints, sea Surface coatings 
Palmetto roots, 735 


Paper, casein-coated, 744 

, high strength, in phenolic laminates, 149-150 

manufacture, see Kraft, Soda, Sulfate, and 

Sulfite processes 

, as phenolic filler, 139 

, in phenolic laminates, 142, 145-146 

, resin-treated, 109, 194, 206, 291, 362, 367, 

369, 374, 440, 493-494, 583, 591, 622, 671, 693, 
701, 771, 773 

• , vulcanized fiber from, 642 

, zein-coated, 750 

Papier m5ch4, 636 

Paracoumarone, aec Coumarone-indene resins; 
19-20, 291 

Paraffin, as blocking preventive in polyvinyl 
acetate, 868 

, chlorinated, 766, 773-774 

, , as plasticizer, 773 

, compatibility with polyethylene, 579 

, polybutene, 590^91 

Paraform, in phenolics, 125 
Para rubber, 534, 541 
Paving, asphalt, 3 
Peachey process, 542 
Peakes-Rossi flow tester, 676 
Pearl essence, 477, 488 
Pentaerythritol, see Alkyds; 238 

, rosin esters, 220 

Pentamethylene carbonamide, 264 
diamine, 264 

Pentene-2, copolymerization with isoprene, 296 
Perborates, as catalysts in acrylate polymerization, 
462 

Perilla oil, in alkyds, 248, 250 
Peroxide effect in polymerization, 463, 514 
Peroxides, as catalysts, see Catalysts; Specific 
compounds 

, as contact resin catalysts, 605 

, methacrylate polymerization catalysts, 

462-466 


, polysulfone catalysts, 788 

, vulcanizing agents, 642 

Persulfates, as methacrylate polymerization cata- 
lysts, 462 

“Petrex,’’ see Trade Name Index; Maleic anhy- 
dride, terpene adduct 
Petroleum, as butadiene source, 557, 560 

, cracking, 34, 286, 296 

■ , oxidation products, 33-34 

, as plastics source, 32-39, 557 

resins, 296-299 

properties, 296-298 

, unsaturation of, 297 

Phenol, see Phenolics 

, from coal tar, 24-26 

, consumption in plastics, 26 

formaldehyde reaction, see Phenolics, chem- 
istry 

furfural resins, 782 

Phenolics, 6, 17-19, 22, 113-170 

, adhesives, 166-166 

, aldehyde influence on, 124 

, alkyds, reaction with, 253-254 

, asbestos filled, 138 

, A-stage, 117-118, 123, 141 

, B-stage, 117-119, 124 
, ck^ew nutshell oil resins, 166-167 
, cast, 98-100, 116, 167-162 
— , asbestos fiUed. 159, 162 
— , manufacture, 98-100, 157 
— , production volume, 169 
— , properties, 119-120, 134-135, 169-161 
— , shaping, 100 
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Phenolios, caet, trade names, 159 

, , uses, 169 

. catalysts for, 116-119, 168 

, , influence of concentration on, 119 

, chemistry, 115-125 

, chemosetting, 118 • 

, coated cloth, 165 

, in cold molded plastics, 792 

, compatibUities, 124-125, 164, 193, 206. 291 

365, 376, 630, 665, 695, 786 

, in compressed wood, 155-156 

, cotton filled, 129-130, 138 

, C-stage, 117-119, 121, 124, 163 

, curing time, 130 

, diatomaoeous earth filled, 132 

, dimensional stability, 134, 419 

, dry process of manufacture, 126 

, extenders for, 125, 723, 728 

, extrusion, 103, 126 

, fillers for, 67, 129-136, 138, 140 

, foamed, 166 

, general purpose, 138 

‘ , hemicoUoidal, 118 

, history, 17-19, 113-115 

, impact-resistant, 136-141 

, impregnated boards, 132 

, wood, 156—156 

, ion exchange agents, 110, 166 

, laminates, 91, 141-150 

, , cementing, 785 

, , classification, 145-147 

, curing cycle, 94, 142 

, decorative, 143 

, , fiUers for, 94-96, 142, 145-146 

, fluorescent, 148 

, , hi|^ strength, 149-150, 157 

, low pressure, 149-160 

, , manufacture, 91-96, 141-143 

, metal reinforced, 156, 167 

, , NEMA grades, 145-147 

, , post-forming, 143-144 

, , powdered fiUers, 95 

, , prices, 160 

, , production volume, 160 

, , properties, 143-147 

, , rods, 142 

, , shapes and sixes, 93 

, , trade names, 149-160 

, , urea surface sheets, 187 

, , uses, 146, 148-149 

, lignin in, tee Lignin; 728 

, in lignin plastics, see Lignin; 723, 726-728 

, linear, structure, 118 

, melamine modified, 206 

, methylene ratio in, effect on resinification, 

119-121 

, miscellaneous, 166 

, modified, 124-126, 162-163, 192-193, 206, 

263-254, 293, 296 

, molded, 126-141 

, , glass filled, 139 

, , macerated fabric filled, 130-134, 136- 

137 

, properties, 130-131, 133-134, 136-141 

, , redwood flour filled, 732 

, , sisal filled, 129. 131-132, 140 

, soybean meal filled, 132, 746-747 

, , tissue paper filled, 132 

, , tolerances, 69 

, . uses, 185-141 

, , wood flour filled, 129 

, molding compounds, A.S.T.M. specifications. 

136-137 


, — — , classification, 135-137 

, , composition, 125-141 

. , fillers for, 125, 129-141 

, . general purpose, 129 

, , manufacture, 66-67, 126 

, , mica filled, 138 

, mineral fiUed, 132-186, 138, 140 

, , one stage manufacturing process, 

118 

, , prices, 141 

, ^ 100% resin, 125 

, , statistics, 141 

, , trade names, 141 

, , two stage manufacturing process, 

118, 121 

, , wood flonr filled, 129 et aeq. 

, netting index, 49, 117 

, phenol structure, effect of, 121-124 

V in plywood, 96, 161-156 

, pr<^ucers, 115 

, production volume, 1 14, 122 

, pulp-resin preforms, 77, 129, 132, 137-140 

, reaction conditions, effect of, 124 

, in rubber compounding, 646 

, solubilities, 123-124 

, straight, oil soluble, 163 

, superpressed wood, 155 

, surface coatings, 115, 162-166, 193, 206 

, : coated cloth, 166 

, : enamels, 165 

, : modified phenolics, 162-163 

, ; oil-free lacquers, 164-166 

, : unmodified phenolics, 163-164 

, tridimensional, 116, 117-118 

, in urea coatings, 192-193, 293, 296 

, walnut shell filled, 129 

, wet process of manufacture, 126 

Phenol, in laminates, 141 

modified coumarone resins, 293-294 

, natural, 24, 26 

, nylon from, 267 

, production volume, 26 

, synthetic, 26 

Phenols, alkyl, 122-124, 164 

, as butylene polymerisation accelerators, 686 

, classification by formaldehyde reaction, 121- 

122 

, in lignin plastic manufacture, 729 

, as nylon solvents, 262, 274 

, from petroleum, 39 

, polyhydric, 166 

Phenoplasts, see Phenolics 
Phenyl acrylate, 460 
chlorosilanes, 767 

p-Phenylenediamine, as vulcanising ageqt for 
acrylics, 472 • 

Phenyl-o-naphthylamine, as rubber antioxidant, 
546 

Phenyl-/|-naphthylamine, in elastomers, 645, 661, 
572, 692 

p-Phenylphenol, 123-124, 164 
Phlobaphenes, in redwood, 730 
Phloro^ucinol, test for lignin, 720 
Phonograph records, resins in, 5-6, 292, 359-860, 
378 

Phosphorescent laminates, 148-149 

pigments, in polystyrene, 424 

Phosphoric acid, as cellulose acetate catalyst, 658 

— , furane resin catalyst, 785 

Phosphorus pentasulflde, in plastic sulfur, 610 
Phot^aphic film, 652, 666 
Photography, polsrvinyl alcohol in, 374 
pH, aee Hydrogen ion 
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Phthalates, we specific compounds and resin types; 
Alkyds; Contact resins 

, linear, 226 

, properties, 243 

Phthalic anhydride, see Alkyds 

, glycerol reaction with, 216, 236, 240 

, manufacture, 26-27, 217 

, production volume (alkyds from), 238 

Pigment grinding paste, ethyl cellulose in, 605, 701 
Pigments, see Coloring materials; Fillers 

, in alkyds, 250-251 

^ cellulose nitrate, 651 

, phenolics, 125, 158 

, phosphorescent, 424 

, in rubber, 541 

, in vinyl resins, 357, 350-360 

Pine oil, in rubber compounding, 545 

hydrochloride stabilization, 

624 

tar, in rubber compounds, 545 

Pipe, see Polyvinylidene chloride 

line covering, cellulose nitrate, 656 

Piperidinium-N-pentamethylenedithiocarbamate, 

544 

Piperylene, 414 
Pitch, 3-5 

, in cold molded plastics, 702 

, compatibility with poly butenes, 501 

Plasticity of molding powders, 75, 70, 118, 180 
Plasticizers, aee Specific types; 84-85, 216, 218-221 

, alkyds as, 247 

, chlorinated biphenyl as, 760 

, coal tar, 200 

1 poly butenes as, 501 

Plasticizing chamber, in transfer molding, 70 
Plastics, chemosetting, definition, 47 

, cold molded, 701-702 

, composition, general, 1 

, definition, 1 

industry, general characteristics, 705 

history, 7-21 

, mechanical manipulation, 63-112 

, natural, we Resins, natural; 2-6 

, raw materials, 22-45 

, from sulfite liquors, manufacture, 723 

, thermoplastic, definition, 46-47, 84 

, thermosetting, definition, 47, 65 

Plastic sulfur, 610 
Plastics, versatility of, 705 
Plastisols, 305, 318, 350-351 
Plunger, in jet molding, 83 
Plywood, see Specific resin types 

, manufacture, 06-07, 151-155 

, melamine bonded, 206 

, phenolic bonded, 151-155 

, soybean protein bonded, 746 

, urea bonded, 06, 101 

“Polaroid" inspection of “Saran,” 308 
Polishing wheels, rubber in, 546 
Polyacrylates, see Acrylic resins; Methacrylates 
Polyacrylic acid, 472-473 

esterification of, 468 

esters, 471-472 ^ 

, ^ saponification of, 468 

from polymethyl vinyl ketone, 468 

, from polystyrene, 468 

Poiyalkyl styrenes, 440, 445 
Polyallyl acrylate, 456 
Polyaxnides, we Nylon; 257-285 

, a, definition, 264 

, w, definition, 264 

, chemistry, 259-267 

cyclic, 264 


, general formula, 262 

, melting points, 263-264 

, properties, 274-282 

Polyarylene-ethylene, ew “AXF"; 555 

Poly butadienes, aee Elastomers; Elastoprenes; 501 

, molecular weight, 550 

, netting index, 40 

, structure, 559 

Polybutenes, 39, 59, 110, 201, 531-532, 574, 570. 
68S-691 

, accelerators in formation of, 586 

, catalysts in formation of, 574, 585 

, chemical resistance, 590 

, chemistry, 583-588 

, compatibilities, 291, 293, 296, 579, 690^91, 

600, 695 

, critical solid-fluid transition point, 587 

, crystallinity in, 584 

, degree of polymerization, 583 

, depolymerization of, 588 

, dilution effect in formation of, 586-587 

, fillers for, 588-589 

, in lubricants and greases, 580 

, mechanical breakdown, 588 

, mechanism of formation, 586 

, molecular weight, 583, 585-580 

, netting index, 49 

, olefin structure, influence in formation of, 

583-585 

, properties, 587-590 

, pyrolysis, 584 

, solubilities, 590 

, staV>ilizers for, 586 

, structure, 584 

, thermal degradation of, 588 

, uses, 590-591 

, vulcanization, 589-590 

, x-ray diffraction pattern, 584 

Polybutyl acrylates, properties va structure, 460 

methacrylates, 470^71, 494 

Polycarbonates, linear, 225 
Polycetyl acrylate, 469 
Polychloroprene, aee Neoprene 
Polychlorostyrcnes, 445-447 
Polycyclohexyl acrylate, 469 

methacrylate, 490 

Polydichlorostyrene, properties, 445-448 
Polydiethylene glycol maleate, copolymers with 
vinyl acetate, aee Contact resins; 505 
Polyesterifications, time-temperature relations, 
229-231, 241 

Polyesters, aee Alkyds; Contact resins 
. a, 228 

, o, aee Superpolyesters 

, aliphatic, crystallinity of, 226 

, bifunctional reactants in, 224-236 

, heat convertible, 230 

, linear, drying oil modified, 235-236 

, , molecular weight, 227-228 

, , properties, 227 

, , saturated, 224-230, 232-233 

, , , vulcanization, 232-233 

, , transformation to cyclic esters, 225 

^ , unsaturated, 236-236 

, , , copolymers, aw Contact resins; 

234, 407-529 

, , ►, cross-linking of, 230, 232, 234 

, , , from dimerized fatty acids, 

234-235, 531 

, , , of low maleic unsaturation, 

232-233 

, , , , medium to high maleic 

unsaturation, 234 
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P(4yofleni, linear, unaaturated, modified with dry- 
ing oUacids, 235-236 

, — , , of non-nudeio unaaturation, 

234-236 

, , , oxidation of, 230, 232 

, — , , vuloaniaation of, 234, 631 

, of po4yfunctional reactants, 236-254 

, saturated, vtdcanisation of, 232-233 

P(dyethyl acrylate, factors affecting polymeriza- 
tion of, 464, 466 

, from polyacrylio acid, 468 

, sizing applications, 494 

vulcanization of, 472 

benzenes, disproportionation of, 413 

Polyethylene, 574-583, 795 

adipate, linseed acid modified, 236 

, antioxidants in, 676 

, chemical resistance, 579 

, chemistry, 575-576 

, cold stretching, 60, 575, 583 

, compatibilities, 579, 591 

, compression molding, 580, 582 

, contraction on cooling, 580, 582 

, crystallinity in, 675 

disulfide, 609 

, extrusion, 576, 580, 682 

, fabrication, 680 

, factors governing formation, 575-576 

, film, 676 

, flame-spraying, 109, 583 

glycol, see Polyglycols 

, polyesters from, see Contact resins 

, catalysts in formation of, 778 

di-2-ethyl hexoate, 323 

esters, 245, 779 

, ethers, 779 

, history, 778 

molecular weight, 778 

, phase diagram, 780-781 

, as plasticisers for zein, 749 

, preparation, 778 

, properties, 770-781 

solubilities, 779 

structure, 77^779 

, history, 575 

, injection molding, 680, 582 

maleate, 236, 531 

, manufacture, 675-676 

, milling of, effect on properties, 679-580, 582 

, molding, 676 

, molecular weight, 676 

, oxidation, 679-5W, 682 

oxide, see Polyethylene glycol; Polyglycols 

, stannic chloride as catalyst in formation 

of, 778 

phthalate, 231 

, properties, 576-583 

sebacate, 233, 236 

, sheets, 582 

, solubilities, 577-579, 682-583 

, spinning of, 583 

, structure, 575 

succinate, 226, 236 

tetrasulfide, 006, 609 

, trade names, 676 

, uses, 583 

Polsrethyl methacrylate, properties, 470-471 

, sizing applications, 494 

in specimen embedding, 477 

Polyglycols, see Polyethylene glycol; 778-780 
— in plasticizers, 779 

, rosin esters, 220 

, in surface coatings, 779 


, uses, 779 

Polyhexamethylene adipamide, see Hexamethylene 
adipamide; Nylon; Polyamides; 267, 274 
Polyhydrio alcohols, polyurethanes from, 791 
Polyindene, structure, see Coumarone resins; 290 
Polyisoprene, chlorinated, 634 

-, oyclized, 617, 622 

Polylauryl acrylate, 469 

Polsrmeric organosilicon-oxygen compounds, 752- 
765 

Polymerization-condensation, mixed, 60-61 

, degree of, definition, 60 

—■ — , emulsion methods, 468 

, general principles, 66, 69-61, 308-309 

, induction period in, 463 

, inhibition of, by oxygen, 463, 514 

methods, 309-310, 468 

, of methyl methacrylate, factors affecting, 

463-468 

Polymer slop, 39, 297-299 

Polymers, properties of, relation to chemical 
nature, 61 

Polymethacrylates, sss Methacrylates 
Polymethacrylic acid, 472-473 
Polymethyl acrylate, 456, 469, 614, 565 

, cross-linking of, 472 

, sizing applications, 494 

Polymethylene urea, 174 
Polymethyl isopropenyl ketone, 787-788 
methacrylate, see Acrylic resins; Methacry- 
lates 

Polymethylolphenols, 116-117 
Polymethyl vinyl ketone, 787 

^ poly acrylic acid from, 468 

Poly-n-propyl methacrylate, 470-471, 494 
Polystyrene, 21, 85, 411-460 

, bag molding, 428H129 

, branching of, 417 

, casting, 436 

, chemical resistance, 420 

, chemistry, 413-418 

, cold stretching, 428-429 

, compatibilities, 291, 293, 296, 300, 377, 630, 

695 

, copolymers, see Contact resins; Elastolenes, 

styrene copolymer; Elastoprenes, styrene co- 
polymer type; Styrene; 417, 437-440, 531 

, crazing of, 418, 619 

, critical transformation temperature, 423 

, cross-linking with divinylbenzene, 417, 631 

, degree of polymerization, 416 

, dimensional stability of, comparison with 

other plastics, 419 

, emulsion polymerization, 310 

, expanded, 432-435 

, extruded, 428-429 

, fiber, see “Polyflbre'’ (Trade Name Index); 

428-433 

, filled, 436-437, 448 

, foil, 434-436 

, heat-resistant, 437, 4f8 

, history, 411-413 

, lacquers, 436 ^ 

, luminescent, 424 

, miscellaneous forms, 436-437 

, molding compounds, 424-428 

, molecular weight, 417 

, monofilament, 428429 

• , mounting, 418, 420 

, netting index, 49 

, phosphorescent, 424 

, plasticization, 424 

, polyacrylic acid from, 468 
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, polymerization methods, 310, 416 

, production volume, 428 

, properties, 418>425, 441, 448, 455 

, shapes. 424-436 

, solubilities, 420 

, structure, 416-417 

, with vulcanizable plasticizers, 517 

Polysulfides, aee Elastothiomers; Thioplasts 

. alkylene, 109, 631, 566, 600-602 

, metal, reaction with dihalides, 600-602 

, metalloid, in plastic sulfur, 610 

Polysulfones, 788-789 

, catalysts in formation of, 788 

, ceiling temperatures in formation of, 789 

, chemical resistance, 789 

, inhibitors in formation of, 788 

, molecular weight, 788 

, properties, 789-790 

, structure, 788 

Polytetrafluoroethylene, 774-778 

, available forms, 777 

, catalysts for, 775 

, chemical resistance, 776-777 

, extrusion, 777-778 

, fabrication, 777 

, properties, 775-777 

, structure, 775 

, toxicology, 776 

Polytetramethylene carbonamide, 257 
Polyurethanes, 791 
Polyvinyl acetal, 377-379 
, compatibilities, 377 

— , grades, 377 

properties, 378 

, solubilities, 377 

, uses, 878-379 

acetals, aee Vinyl resins; 375-387 

, balance of properties in, 376, 380 

degree of acetalation, 376 

, ethyl silicate in, 753, 758 

, history, 304-305 

, manufacture, 375 

, production volume, 305 

, statistics, 305 

structure, 376 

, thermal stabilization of, 375 

acetate, aee Vinyl resins; 363-368 

, alcoholysis of, 371 

, blocking, prevention of, 368 

, compatibilities, 216, 293, 296, 365, 367, 

665 

. emulsions, 304, 310, 365 

, , exhaustion of, 367 

, ethyl silicate in, 753, 767-758 

, grading by viscosity, 53 

, history. 303-304 

, hydrolysis, 368, 371-372 

, impurities, effect on formation of, 311 

, manufacture, 363-365 

, modified, 372 

, molecular weight distribution, 56 

, poljrvinyl butyral from, 379 

, prices, 368 

, properties, 366-368 

, solubilities, 365 

— , trade names, 368 

, uses, 865-368 

vulcanisation, 617 

alcohol, 304. 306, 371-876 

, as dispersing agent in resin emulsions, 

310, 365 

, esterification of, 874 

extruded, 374 


, film, 374 

, forms, 874 

, heat sealability of, 374 

, molded, 374-376 

, nylon sizing with, 273, 374 

, plasticizers for, 873-374 

, polyvinyl butyral from, 379 

, preparation and types, 371-373 

, prices, 376 

, properties, 373-374 

, sheeting, use in bag molding, 498 

, solubilities, 371, 373 

structure, 373 

, trade names, 372 

, uses, 273, 365, 372, 374-375, 654 

, viscosity-temperature relations, 372 

, vulcanization, 374, 531 

benzoate, 791 

bromide, 303 

t«o-butyl ether, 369-370 

^-butylphenol, 447 

butyral, 304, 379-387 

, composition, 379-380 

, laminates with methacrylates, 386 

, manufacture, 379 

, plasticization, 381-382 

, production volume, 380 

, properties, 343, 381-382, 387 

, safety glass, aee Safety glass; 379-387 

, structure, 379-380 

trade names, 379 

, uses, 382-387 

, “vulcanized,” 387 

carbazole, 451-466 

domestic, 453-454 

, fibers, 452-463 

, foreign, 453-455 

, molded, 453-454 

, properties, 452-466 

, structure, 452 

chloride, aee Vinyl chloride resins; Vinyl 

resins; 575 

acetate copolymers, aee Vinyl chloride 

resins, hard and soft; Vinyl resins 
, chlorinated, 351 

, compatibilities, 293, 296, 300, 361, 355 

, fillers for, 328-331 

, history, 303, 305 

, manufacture, 310 

, netting index, 49 

, properties, 326-328, 336-338 

, raw materials, 306 

, as rubber substitute, 554 

, vulcanizable plasticizers with, 517 

ethers, 368-370 

, compatibilities, 369-370 

, degree of polymerization, 369 

, solubilities, 869-370 

, uses, 369 

ethyl ether, 369-370 

formal, 376-377 

, compatibilities, 376 

, grades, 376 

, prices, 376 

, properties, 376 

, solubilities, 376 

, uses, 377 

Polyvinyl idene chloride, 85, 303, 391-410 

, as abrasive binder, 409 

, chemical resistance, 400-401 

, chemistry, 391-398 

, cold stretching, 50, 399-400 

, color, 401 
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Polyvinylidene chloride, crystallinity in, 393-400 

, decomposition of, 893, 406 

, extruded, orientation in, 399-400 

, , properties, 400-403 

^ , shapes, 398-406 

, , uses, 403-406 

, extruders, materials of construction for, 

390 

, film, 406 

, , heat sealing of, 408 

^ , properties, 406^08 

history, 303, 391 

, induction period in crystallisation of, 

395 

, injection molding, 406-408 

, in large packaging, 362-363, 409 

latex, 352 

, monofilaments, 405-406 

, oriented, 395, 397-398, 403 

, pipe, 404-405 

, , bursting pressures, 404 

, , welding of, 405 

, prices, 409 

, properties, 393-398, 400-403 

, recrystallixation time, 396 

, solubilities, 400-401, 409 

^ structure, 392 

, thermal decomposition, 398-399 

, trade names, 409 

, tubing, 403-405<* 

, , bursting pressures, 403 

, working fiber stress, 404 

. uses, 403-406. 409 

, vulcanisation, 409 

, as webbing agent, 409 

, x-ray pattern, 395, 397-398 i* 

Polyvinyl methyl ether, 369-370 

oleyl ether, 369 

pyrrolidone, 789 

Pontianak, gum, 220, 223 
Post-forming, of laminates, 143-144 
Potassium hydroxide, as ethylene oxide polymeri- 
sation catalyst, 778 
Pour point depressants, 773 
Powdered metals, 766 

, in chlorinated rubber, 631 

, phenolics, 129 

<• , rubber, *846 

l^eforming, 76-78 
press, 76 

Preforms, pulp-resin, 77, 129, 132, 137-140 
Preheating, electronic, see Electronic heating; 
77-79, 125 

, of thermosetting plastics, 66 

Presses, molding, compression type, 67-68 

, , injection type, 86-91 

. 1 jot type, 81-84 

, , transfer type, 79 

Primers, from alkyd resins, 250 
Printers' rolls, “Thiokol” in, 606 
Printing blankets, offset, 244 

inks, resins in, see Inks; 110, 166, 194, 253, 

291, 440, 632, 779 

matrices, phenolics in, 140 

, polyvinyl acetals in, 379 

Proline, 260 
Propacrylic acid. 458 
Propane, chlorinated, 774 
Mo-Propyl, 8«e Isopropyl 
n-Prc^yl acrylate, properties, 460 

cyclohexane, from lignin, 720 

Propylene, acetone from, 36, 459 
— ^ — , chemical conversion, 38-39, 459 


dichloride, in elastothiomers, 602, 606, 610 

, glycerol from, 39 

, isopropyl alcohol from, 36, 459 

oxide, as chlorinated rubber stabiliser, 628 

, polysulfones from, 789 

, resins from, 36-37, 39 

n-Propyl methacrylate, properties, 460 
Protective coatings, see Buriaoe coatings 

colloid, “ Vinylite SYHid " as, 440 

Proteins, comparison with nylon, 257-260 

, occurrence, 3, 737-738, 745, 748 

, peanut, 737 

plastics, see specific types; 44-45, 737-751 

, sources, 737-738, 745, 748 

, soybean, see Soybean protein 

, structure, 259-260, 737 

, wool, 259-260 

Pulp-resin, diced molding compound, 132 

, preforms, phenolic, 77, 129, 132, 137--140 

Punching, 104 

Purification methods in organic chemistry, 2 
Putty, bouncing, silicone, 763 

, “Thiokol,” 608 

, urea, wood flour filled, 189 

Pyridine, in cellulose nitrate degradation, 647, 654 
Pyrogallol as acrylate polymerization inhibitor, 462 

, as elastothiomer vulcanization inhibitor, 602 

Pyroxylin, see Cellulose nitrate 

, in artificial leather, 13 

, definition, 649 

, lacquers, 12-13, 306 

, , production volume, 13 

solvents, 13, 648-650, 662-654 

Q 

Quaternary ammonium hydroxides, solubility of 
cellulose in, 689, 709 

Quinone dioxime, as vulcanizing agent, 472, 531, 
592 

R 

Racking, of rubber, 530 

, o^ rubber hydrochloride, 626 

Ramie, micelles in, 641 

Rayon, see Cellulose acetate; Cellulose, regenerated; 
Silk, Chardonnet; Viscose 

, crease-proofing, 173, 193-194 

, crystallinity in, 50 

, cuprammonium, 16, 705 

, definition, 705 

, high strength acetate, 657-658, 671, 711 

, viscose, 711 

, micelles in, 641 

, naming of, 705 

, production volume, 671, 706, 711 

, sources, 43, 659, 708 

Redwood, extractives in, 730, 732 

flour as phenolic filler, 732 

plastics, 730, 732-734 

, furfural resins in, 732-734 

, furfuryl alcohol resins in, 782-783 

, hardeners for, 732 

“ Meadol ” in, 732 

, properties of, 733 

“ Vinsol ” in, 732 

Regenerated cellulose, see Cellulote, regenerated 
Reinforcements in molded parts, 72 
Rennet, 45, 738 

Resinates, as driers in alkyds, 249 
Resin dispersions, see Emulsions; Specific resin 
types 
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, phenolic pulp>resin, 130-132 

Reainifioation, chemical principles of, 46-^2 

, general processes of, 66-61 

Resins, chemosetting, definition, 47 

, chlorinated, 766-774 

, classification by action of heat, 46-47 

^ fabrication methods, 63 

, molecular weight, 61 

, origin, 22 

^ structure, 46-47 

, crystallinity in, 49-60 

, geometry of, 46-60 

, linear, 46 

, low pressure, see Contact resins 

, miscellaneous, 766-794 

, forms, 110 

, German wartime developments, 789, 

791 

, molecular sise, see Molecular weight; 2, 46, 51 

, weight determination, 61-54 

, distribution in, 54-56 

, natural, 2-6 

, , compatibilities, 124, 291, 293, 630, 651 

, , esters, 220 

, , fossil, 4 

, , history, 4-6 

, , in moistureproof Cellophane, 711 

, , run, 220-221, 223 

, , in phenolics, 124-126, 162 

, , recent, 4-5 

, , semi-synthetics from, 40 

, , in surface coatings, 108 

, , in urea coatings, 193 

, properties, relation to chemical nature, 61 

, , relation to molecular size, 51 

^ ^ physical treatment, 50 

, , structure, 47-49 

, semi-synthetic, definition, 22 

, , sources, 22, 40-45 

, synthetic, definition, 22 

, , as modifiers in phenolics, 125 

, , 1944 production, 236 

, , sources, 22-40 

, thermohardening, see Thermosetting plastics 

, thermoplastic, see Thermoplastics 

, , differentiation from thermohardening, 

47 

, thermosetting, see Thermosetting plastics 

, tridimensional, 46-47 

, types, 1 

Resite, 117-118 
Resitol, 117-118 
Resol, 117 

Resorcinol, in plywood adhesives, 153 
Ricinoleic acid, in alkyds, 217 

, butyl esters of aoetylated polymerized 

esters as plasticizer, 324 
Ring formation vs linear polymerization, 58 
Ripening of acetate, 661-662 

of viscose, 709-710 

Rosin, see Alkyds; Abietio acid; 4, 252-253 

, in cellulose tape, 712 

, cold molded plastics, 792 

, compatibilities, 296, 300, 690, 696, 712 

derivatives, compatibilities, 124-125, 296, 365 

, in redwood plastics, 732 

esters, 220-221 

» properties, 222 

, glycol esters, 220 

, history, 5 

, hydrogenated, in cellulose tape, 712 

, » compatibilities, 712 

, — — , esterification of, 220 


, maleic anhydride adduct, 238, 253 

, modified alkyds, 218-219, 252-253 

phenolics, 126, 162 

, polymerized, esterification of, 220 

, in polyvinyl chloride, 328-331 * 

, rubber compounding, 546 

, zein, 750 

Rubber, see Elastomers; Elastoprenes; Elasto* 
thiomers; Neoprene; 533-550 

, abrasion resistance, 343 

, accelerators in vulcanization of, 542-544 

, activators in vulcanization of, 544-545 

, in adhesive tape, 641 

, alkyd coatings for, 247 

, antioxidants for, M6 

bag molding, 140, 152-153 

, blowing agents for, 546 

, bonding agents for, 620 

, cashew resins in, 167, 546 

, in cellulose tape, 712 

cements, 641 

, chemistry, 536-537, 616-616 

, chlorinated, 626-634 

, , adhesion of, 630 

, , aluminum powder in, 631 

— ^ chemical resistance, 632 

, , chemistry, 627-630 

, , chlorine content of, 627-628 

, , color stability of, 630-631 

, . compatibilities, 246-247, 249, 251, 253, 

291, 293, 365, 377, 630-631 

, , deproteinized rubber in, 630 

, , expanded plastic, 632 

, , history, 626-627 

, , manufacture, 627-630 

, , molding compositions, 632 

, , molecular weight, 630 

, , pigments in, 631 

^ plasticizers for, 630-631 

, production volume, 615 

— -, , properties, 628-634 

, , solubilities, 630,. 632 

. . spun wool, 632 

, , stability, 029 

, , stabilization of, 628-629 

, , structure, 627 

, surface coatings, 630-631 

, , ultraviolet light, effect of, 630-631 

, , uses, 630-634 

^ ^ viscosity grades, 629-630 

, , vulcanization with sulfur, 632 

, cis-trans isomerism in, 536, 616 

, compatibilities, 296, 545, 590, 597, 600, 712 

, composition, 615 

, compounding, 291-292, 541-548 

, consumption, 533 

, , by products, 548 

, coumarone resins in, 291-292 

, cross-linking of, 548 

, orystallinily in, 530, 537 

, curing, 532, 541-548 

, agents, 532 

, cyclized, see Rubber isomers 

, degree of polymerization, 616 

, depolymerization catalysts, 630 

, deproteinized, 535-536, 615 

, , in chlorinated rubber, 630 

, derivatives, 615-635 

, elastic behavior, 537 

, electrical properties, 595-596 

extenders, oil resistant (“AXF”), 301 

. fillers irv, 532, 545 

, forms, M6-648 
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Rubber, gel, 538, 616-<617, 621 
— ceographical origin, 533 

, in gum masses, 641, 712 

, hard, see Ebonite; 548-560, 621 

— , , history, 9 

, , netting Index, 49, 648 

, prices, 660 

, , properties, 649 

, , uses, 6, 649-650 

, history, 7-9 

hydroc^oride, 41, 616, 623-626 

, adhesives for, 626 

calendering of, 626 

chlorinated, 6^ 

, chlorine content of, 624 

, cold-stretching, 626 

^ crystallization in, 624 

, dehydrohalogenation of, 617 

, film, 626 

manufacture, 623-624 

, in packaging, 626-626 

, properties, 624-626 

, solubilities, 625 

, spinning. 626 

, stabilizers for, 624 

, structure, 624 

x-ray pattern, 626 

insulation, 647 

isomerization, oatalsrsts for, 619-622 

isomers, see Rubber, monooyclo; Rubber, poly- 

cyclo; 40-41, 615, 617-623 

, chemical activity, 618 

, resistance, 619 

compatibilities, 293, 296, 622 

laminated, 622 

, properties, 619-623 

, solubilities, 619-621 

, unsaturation in, 619 

, uses, 620-622 

, isoprene unit in, 616 

Rubberized goods, 109, 635 
Rubber, Joule effect, 638 

latex, 633-636 

chlorination of, 629 

mastication, 9, 688, Ml, 616-617, 630, 636 

, mechanical goods, 546-547 

, milling, see Rubber, mastication 

, mineral, 641 

, molecular breakdown, 617 

, size, 636 

^ weight, 616 

, monocyolo, structure of, 617 

, nature, 530, 615-617 

, netting index, 49 

, nitrogen content, 615 

, occurrence, 633 

, oil resistant, “ AXF” in, 301 

, oxidised, 615, 636 

, permanent set, 538-539 

, plasticity, 641 

plasticizers, 541, 646 

, polycyolo, 617-618 

, prices, 633 

, production volume, 533 

• • — program, U. 8., 696—697 

, properties, 637-541 

, , relation to stretching, 630 

, pyrolysis of, 550 

, racked, 630 

, reclaim, 541 

, as resin source, 40-41, 616^36 

softeners, 545 

, sol, 638, 616-617, 621 


, solubiUties, 616-617 

, sponge, 646 

, stability, 699 

, stiffeners, 541 ' 

, structure, 536, 616 

, synthetic, see Elastomers; Elastoprenes; 

Elastothiomers; Neoprene; 550-574 

, , cashew resins in, 167 

, , chlorinated, 634 

, , classification, 554-555 

, compatibilities, 167, 291, 579 

, cyclized, 619*-623 

emulsion polymerisation in, 310 

, history, 550-554 

, Institute plant, 564, 562-564 

, molecular character, 631 

, nomenclature, 554-^556 

, oil resistant, “AXF” in, 301 

, production volume, 533, 554 

• program, 530, 657, 660, 567 

, vulcanisation, 651 

, tensile strength, 639-540 

, uses, 546-648 

, vulcanization, 641-548 

, x-ray opaque, 646 

, studies, 630 

Russian dandelion, see Kok~eagy» 

Rye fiour, in urea adhesives, 1^ 

S 

Saccharin, 213 

Safety glass. 13-14, 304-305, 457 

acrylic type, 492-493 

, cellulose acetate type, 677 

^ nitrate type, 656, 677 

, characteristics, 382, 3M 

, construction, 381-382 

“Flexseal” units, 382, 384-385 

, history, 18-14 

, manufacture, 382, 492-493 

, polyvinyl butyrsd type, see Polyvinyl 

butyral, 14, 379-387, 677 

temperature-breakage characteristics, 

384 

, vinal type, see Safety glass, polyvinyl 

butyral; Polyvinyl butyral 
Saligenin, 115-116 
Saiiretin, 116 
Salts, nylon, 261 

**Saran,'' see Polsrvinylideue chloride 
Schoop gun, 109, 683, 609 
Schori gun, see Schoop gun 

Schweitzer’s reagent, see Cuprammonium solution 
Sealants, for porous metal castings, 110, 438, 515 
Sealing compositions, elastothiomeric, 608 

, polybutene, '591 

silicone, 762 

Sebacates, glycol, 230, 232-233 

Sebacic acid, in alkyds, see Alkyds; 238, 248 

, in zein plasticizers, 749 

Sedimentation, ultraoentrifugal, 52 
Selenium, as rubber activator, 545 
Serine, 260 

Shatterproof glass, see Safety glass 

Sheeting, resin, see Film; Specific resin types; 108 

Shellac, 619 

, compatibilities, 215 

— — , history, 5-6 

, molding compositions, 5 

, substitutes, sein in, 760 

, vulcanizable plasticisers with, 517 

Shrinkage factor, 75 
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Silanols, 765-757 

Silica, in cold molded plastics. 791-792 

, as polyvinyl chloride filler, 828-381 

Silicates, alkyl, hydrolysis, 754-755 

, , preparation, 754 

Silicon chlorides, 756-757 

, hydrolysis, 764-755 

compounds, stability, 764-766 

Silicones, 762-765, 774 

, chemistry, 764-757 

, cross-linking in, 766-767 

, fluids, 796 

, , properties, 768-760 

, , uses, 762 

, greases, properties, 763 

, history, 762-764 

, as insulation, 763, 761-764 

, as mold lubricants, 498 

, properties, 767-761 

, putty, 763 

, rubber. 756, 761, 763 

, sealing compounds, 762 

, structure, 766 

, uses, 761-764 

, varnish resins, uses of, 763 

Silicon, isolation, 752 

, occurrence, 762 

Silk, artificial, see Specific type; 704 

, , ethyl cellulose in, 701 

, , nomenclature, 705 

^ ^ polyethylene in, 583 

, Chardonnet, 12, 704-705 

, crystallinity of, 49 

, hysteresis. 276, 277 

, nitro, see Silk, Chardonnet 

, serioin content, 273 

, tenacity, 275 

Siloxanes, 765 

Silver nitrate, as polysulfone catalyst, 788 

, polytetrafluoroethylene catalyst, 

776 

Sisal, as phenolic filler, 129, 131-132, 140 
Sizing, methacrylates in, 494 

, of nylon. 272-274, 374 

, polyvinyl alcohol in, 374 

Slate flour, as rubber filler, 645 
Slush molding, 99-101 

Smokeless powder, cellulose nitrate in, 661-652 
Soap, in synthetic rubber, 661 
Soda cellulose, see Cellulose, alkali; 687 
Sodamide, as ethylene oxide polymerization cat- 
alyst, 778 

Soda process, 42, 44, 721, 727 

Sodium bicarbonate, as rubber blowing agent, 546 

, as butadiene polymerization catalyst, 662 

ethylene oxide polymerization catalyst, 

778 

naphthalene, as hydronaphthalene poly- 
merization catalyst, 299 

phenolate, reaction with formaldehyde, 123 

polysulfide, reaction with ethylene dichloride, 

57, 652. 600-602 

sulfate, in viscose precipitation, 710, 712 

Softeners, for rubber, 641, 646 
Solvent naphtha, 290 
Solvents, for alkyds, 248, 260 

, cellulose nitrate, 306, 648-650, 662-664 

, ester type, 218 

, in paint industry, 108 

, for phenolic lacquers, 164 

, for vinyl chloride resins, 306, 363 

Sorbitol, see Alkyds; 288 
Soybean fiber, 747-748 


meal, as phenolic filler, 132, 746 

oil, in alkyds, 248 

, extraction of, 746 

protein, 45, 161, 738, 744-748 

, hardening of, 746-747 

, in phenolicB, 129, 132, 747 

, preparation of, 746 

, thermoplastics from aldehyde treatment 

of. 747 

, uses, 745-746 

Soybeans, history, 704-705 

, production volume, 745 

, protein content, 745 

Spar varnishes, 219 

Specimen embedding, 100-101, 477, 492 
Spermaceti, 210 

Spinnerets, 107, 269, 271, 273, 362, 710 
Spinning, of cellulose acetate, 669 

, cellulose nitrate, 667 

, nylon, 262 

, polyethylene, 683 

, types of, 107-108 

, of “Vinyon,” 107 

, viscose, 710 

Split molds, 72 

Sponge, oellulosic, 712-713 

Spreader, injection vs jet molding, 83 * 

Stabilizers, for cellulose nitrate, 651 

, chlorinated rubber, 628 

, rubber hydrochloride, 624 

, vinyl acetals, 376 

^ chloride resins, 322 

Stannic chloride, as polymerization catalyst, 289, 
415, 778 

, as rubber isomerizing agent, 620-621 

Staudinger’s viscosity relationship, 52-63, 309 
Stearates, as mold lubricants, 177 

, in vinyl resins, 320-321 

Stearic acid, in elastothiomers, 605 

rubber compounds, 646 

Stearoxymethyl cellulose, 687 

pyridinium chloride, 704 

Steel, mechanical properties, 156 

wood combinations, 155-167 

Still, moleculai, in polymer studies, 228, 258 
Stfx;kingB, see Hosiery; Nylon 
Strains, in thermoset plastics, 66 
Straw, 736 

Stream pollution, in paper manufacture, 722, 727 
Stuffing machines, 101 
Styrene, 413-414, 656, 558-569 

, acrylonitrile copolymers, 438, 440-441, 448 

, alkylated, 440, 446 

butadiene copolymers, see Elastolenes, styrene 

copolymer; Elastoprenes, styrene copolymer 
type; 697-600 

, in casting sealants, 615 

, contact resins, 96, 438, 603-604, 612 • 

copolymeis, 60, 437-444, 448 

, with chloroprene, 674 

, coumarone-indene, 294 

, divinylbenzene, 438-439 

, nitrogenous unsaturates, 438, 440 

, polyesters, 234, 506 

, vinylcarbazole, 453 

, in coumarone-indene resinification, 288 

, from cracked oils, 412, 414 

, in hard elastoprenes, 665 

, heteropolymers with maleic anhydride, 60, 

417-418, 440 

, inhibitors of polymerization, 369, 411-412, 

415 

, manufacture, 412, 569 
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Styrene, occurrence in coal distillates, 413 
— plastics, Monsanto, comparative properties, 

448 

, polymerisation, see Polystyrene; 310, 414-417 

, , catalysts for, 416 

, , chain reactions in, 416 

, production volume of, 669-560 

, from isopropylbenzene, 414, 668 

, sources, 27, 413, 568 

, stabilisation, 669 

, substituted, polymers of, 440, 446-448 

, in synthetic rubber, see Clastoprenes, 

styrene copolymer type; 662, 561, 665 
Succinic acid, see Alkyds; 238. 243 
Buccinyl peroxide, as acrylate polymerisation 
catalyst, 462 

Sulfate process, 42-44, 721, 727 
Sulfite liquors, vanillin from, 720 
— ^ process, 42-44, 721 

waste liquors from, 718, 721-727 

Sulfonamide resins, 213-215, 366 

Sulfonic acids, as cellulose acetate catalysts, '658 

, furane resin catalysts, 785 

rubber isomerizing agents, 619 

Sulfur, as accelerator for elastothiomers, 604 

, as acrylic ester vulcanizing agent, 472 

chloride, vulcanization with, 542 

, in cold molded plastics, 792 

dioxide olefin resins, 788-789 

, as polymerization catalyst, 445, 462 

, reaction with unsaturatea, 788 

— — , hard rubber content, 648 
Sulfuric acid, as butylene polymerization catalyst, 
683, 586 

, cellulose acetate catalyst, 658-659 

, coumarone resin catalyst, 287-290 

, rubber isomerizing agent, 618-619 

, sulfonation of toluene with, 213 

, in viscose spinning, 710 

Sulfur, as inhibitor for contact resins, 498 

, plastic, 610 

, rubber content. 648 

, in rubber vulcanization, 637, 641 

Sun-checking inhibitors for rubber, 541 

Sunflower sc^ oil, in alkyds, 248 

Superpolyamides, aee Nylon; Polyamides; 264 

Superpolyesters, aee Alkyds; Polyesters; 228, 258 

Superpolymers, 268 

Superpressed plywood, 166 

Surface active agents, non-ionic, 779 

^ in nrea resms, foamed, 194 

coatings, aee Enamels; Varnishes; 108-109 


acrylic, 457, 493-494 

ester emulsions, 471 

alkyd, aee Alkyds; 218-256 
applicational methods, 109 
automobile, 13, 20-21, 247 
benzyl chloride resin, 774 
“Butyl” rubber, 696 
casein, 738, 744 
cellulose acetate, 671 

butyrate. 679 

propionate, 679 

ether, 691 

nitrate. 648-649, 651-662, 654, 657, 

chlorinated biphenyl, 769, 771 

naphthalene, 773 

rubber, 627. 630-632 

ooumarone-indene resin, 287, 291 
cyclohexanone resin, 786 
cyolopentadiene resin, 296 
ethyl cellulose, 693, 695. 701 ^ 


by flame-spraying, 109, 583, 609 

, formulation, 108-109 

furane resin, 786 

, hemicolloidal resins in, 61 

, hydrogenated coumarone resin, 298 

, melamine, 199, 203, 206 

, substituted, 791 

, modified coumarone resin, 294 

, oxidized rubber, 636 

. phenolic, 116, 124-126, 162-166, 193, 

206 

, polyglycol, 779 

, polymer slop, 298 

polyvinyl acetal. 378 

, acetate, 367-368 

, alcohol, 374 

, ether, 367 

, pyroxylin production figures, 13 

, rubber isomer. 620-622 

, silicone, 761, 763-764 

r, sulfonamide resin, 215 

, “Thiokol,” 609 

, urea, 173, 192-193, 203-206 

, vinyl, 306, 318-319. 321, 353-869 

, , “Saran” in, 409 

Surgery, use of oxidized cotton in, 637 
Sutures, nylon, 284 
Swaging, 104-105, 582 
Swedging, aee Swaging 
Synthetic drying oils, 39 

resins, aee Resins, synthetic 

rubber, aee Elastomers; Elastolenes; Elasto- 

prenes; Elastothiomers; Neoprene; Polycbloro- 
prene; Rubber, synthetic 
Syringtc acid, 262 

T 

Tableting, 76-78 
Tachardia laeca, 6 
Tack, in QR-S, 668-669 
Talc, in cold molded plastics, 791 

, rubber, 545 

Tank linings, elastothiomeric, 608-609 

Tannins, in phenolics, 166 

Tape, gummed, 110, 165, 293, 712 

, heat sealing, 367 

, masking, 691 

, surgical, 591 

Tar acids, 24-26 

, from lignin, 720 

Tellurium, as vulcanization activator, 546 
Tendon, molecular orientation in, 50 
Terpene resins, 286, 296-296 

, compatibilities, 296 

, hydrogenated, 296 

Terphenyls, 767-768 

, hydrogenated, 767-768 

Terpinene, a, 239 

, y, 239 

Terpinolene, 239 
TetraethyltMuramdisulfide, 544 
Tetrafluoroethylene, polymerisation of, 776 

, properties, 776 

Tetrahydrofurane, 267, 666-567 
Tetrahydrofurfuryl acrylate, 460 
Tetramethylthiuram disulfide, 544, 693 
-- — monosulfide, 543, 693 
Textile coatings, cellulose acetate, 671 

— — , chlorinated rubber, 632 

. polyethylene, 688 

impregnants, chlorinated naphthalene, 773 

printing pastes, methyl cellulose in, 693 
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treating, acrylics in, 493-494 

, carboxymethyl cellulo8»' in, 704 

hydroxyethyl cellulose m, 704 

, melamines in, 199, 206 

, polyglycols in, 779 

, pol 3 rvinyl acetate in, 367 

, ethers in, 369 

— , urea resins in, 193-194 

, water repellents for, 704 

— ; , “Zelan” in, 687 

Textiles, see Specific types; 283, 683. 737, 791 
Thermatomic carbon, in rubber, 647 
Thermohardening resins, see Thermosetting plas- 
tics; 47, 68 

Thermoplasticity, decrease with vulcanizable 
plasticizers, 617 

Thermoplastics, 46-47, 58, 63, 84 

, bag molding, 429 

, blowing, 104-107 

, casting, 100 

, definition, 84 

, differentiation from thermosetting resins, 47 

, extrusion, 101-103 

, heat sealing, 110 

— ' , laminated, 91 
, molding, 84-91 

, compounds, preparation of, 84-86 

Thermoprenes, see Rubber isomers 
Thermosetting plastics, 47, 58, 63 

, curing time, 66 

, definition, 65 

, extrusion, 103 

, molding compounds, preparation of, 

66-67 

, conditions, 65, 67 

Thinners, in surface coatings, 108, 124, 163, 249-260 
Thioplasts, 602-604 

, definition, 666 

, flame-spraying, 109, 609 

, properties, 602-603 

, unit structure, 602-603 

Thiourea resins, 171-173, 187, 206 

Thiuram disulfides, 542, 605 

Thomson displacement process, 646 

Thymol, in phenolics, 123-124 

Tin can linings, 108, 618 

Tire cord, as phenolic filler, 130-131, 134 

tread, compounding of, 647 

Tires, automobile, 633, 646-648 

, , "Butyl” rubber in, 596-696 

, , "Cordura” in, 711 

, , elastothiomers in, 600, 606-606 

Tissue paper, in phenolics, 132 

, plywood, 161-153 

Titanium dioxide, 180, 273, 621, 671, 711 

tetrachloride as polymerization catalyst, 585 

, as rubber isomerizing agent, 620 

Tolerances, in molded phenolics, 69 

Toluene, chlorinated, condensation products of, 766 

ethyl sulfonamides, 213 

sulfonamides, 213-216 

, as plasticisers in " Styraloy,” 699 

reaction with formaldehyde, 213-215 

, resins, compatibilities, 376, 665 

, , molecular weight, 213 

^ properties, 214-216 

, uses, 216 

julfonation, 213 

sulfonyl chlorides, 213 

, in vinyl chloride resin solutions, 363, 365-366 

Toluidine, reaction with aldehydes^ 208 
Tolyl acrylate, 460 
Topjung, of coal tar, 24 


Torpedo, fot injection and jet molding, 83 
Tragacanth, gum, 4 

Transfer molding, see Molding, transfer 
Triaminotriazine, see Melamine 
Tributyl phosphate, 323 

Trichlorodiphenyl ether, as "Butyl” rubber elasti- 
cator, 592 

1,1,2-Trichloroethane, vmylidene chloride from, 
391 

Trichloropropane, condensation with sodium tetra- 
Mulfide, 610 

Tncresyl phosphate, in cellulose nitrate, 651, 653- 
654 

, “Styraloy,” 599 

vinyl resins, 322, 324, 328-331, 

836, 341, 343 

Tridimensional effects with methacrylates, 491 
Tndimensionality of lesins, 47, 58 

with vulcanizable plasticizers, 517 

of vulcanized rubber, 537 

Triethanol amine, as catalyst in urea resins, 176 
Tnethylene glycol esters of coconut oil acids, 323, 
.325 

2-ethylbutyrate, as plasticizer, 381 

2-ethylhexoate, as plasticizer, 326, 327, 

346, 349, 381 

in “Petrex” alkyds, 245 

tet Famine monostearate, ae rubber hydro- 
chloride stabilizer, 624 

, as vulcanizing agent for acrylics, 472 

Tri-2-cthylhexyl phosphate, as plasticizer, 323-324, 
341, 343 

Tritsobutvlcne, effect in butylene polymerization, 
586 

Trimerized fatty acids, 234-235 « 

Trimethyl lienzyl ammonium hydroxide, as cellu- 
lose solvent, 689 
Trimethylene carbonate, 226 

glycol, in cyclic ester formation, 225 

— — hexadecamethylene dicarboxylate, 228 
oxalate, 226 

Trinitrobenzenc, as clastothiomer vulcanizing 
^ent, 602 

Trioctyl phosphate, see Tri-2-etbyl-hexyl phosphate 
Triphenyl bismuthine, as polysulfone catalyst, 788 

guanidine, 543 

phosphate, as plasticizer, 665 

Tryptophane, 260 

Tubing, see Polyvinylidene chloride 

, phenolic laminated, 142-143 

Tumbling barrels, 64-65 
Tung oil, 124, 162, 248, 250-251, 621 
Turkey red oil, in acetate dyes, 15 
Turpentine, history, 3, 5, 40, 108 
Twitchell reagents, 619 
Tyrosine, 260 

U 

Ultracentrifugal sedimentation, molecular weight 
determination by, 52, 637 
Ultraviolet light, absorption by methacrylates, 
477-478 

, effect on rubber viscosity, 630 

transmissivity, of cellulose acetate, 678 

Undercure, of thermosetting plastics, 66, 78, 124, 180 
Undercuts, in casting, 99 

, in mold design, 72 

Unsaturates, cyclic, 286 
Unsaturation, double, 628 

m monomers, relation to structure of pol 3 rmer, 

60 

, polymerizability of, 774 
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Urea» alkyl. 104 

, production. 20. 178 

resin adhedvec. HO. 171. 173. 180-101 , 

^ extenders for, 189 - 

^ mixing equipment. 190 

^ in piywo^. 96. 161 

, price. 191 

— — ^ production volume. 191 

^ trade names, 191 

types, 189-191 

^ uges. 191 

laminates. 91. 96, 178, 187-188 

^ decorative, 187 

^ , fillers for, 187 

: ^ fluorescent, 188 

, low pressure. 188 

^ phenolic combinations. 143, 187 

, phosphorescent, 188 

, post<forming of, 188 

^ translucent. 188 

^ iiges, 187-188 

resins, 171-196 

, acetals in, 192-193 

in alkyds, 247, 253-264 

A-stage, 263-264 

, B-stage, 174-177, 189, 263-264 

, catalysts for, 176 

. a-cellulose in. 176-177, 180, 184, 180 

, chemistry, 173-176 

, color, l80 

, compatibilities, 666, 693 

, C-stage, 175 

extrusion. 108 

, fillers for, 183-184 

foamed, 194 

^ history, 171-173 

light efficiency of, 184 

, light transmissivity, 184 

, in melamine surface coatings, 203, 206 

molding powder, 172, 176-187 

, components, 177 

, , free-flowing properties, 66 

-, , manufacture, 66-67, 176-178 

, , molding conditions, 178-180 

^ ^ prices, 187 

, , production volume, 187 

, , properties, 180-187 

. , trade names, 187 

^ ^ uses, 184-187 

, ^ ^ illuminating, 184-185 

, operating temperatures, 183-184 

, phenolic modified, 193 

, pigments in, 177 

plasticisers in, 178 

, production volume, 172, 195 

' , properties, see Urea resins, molding 

powder; 186 

, reflectors, safe operating construction, 

184 

, solvent-soluble. 176, 192-194 

, source materials, 28, 173 

stability, 180 

structure, 174-176 

, surface coatings, 173, 192-193, 203, 206, 

247, 263-264 

, trade names. 171-172, 187 

, uses, misoellaneous. 193-196 

, with vinyl tripolymer, 369 

, sources, 28. 173 

, in stabilising cellulose nitrate, 651 

, substituted, 194 

, synthetic, 173 

. tautomerism, 176 * 


V 

Valine. 260 
Vanillin, 720, 723 

Varniidies, see Alkyds; Surface coatings 

, alkyd, 218, 246, 253 

, coumarone-indene, 287 

. natural resin, 4 

, phenolic. 1 14, 168 

Velours, crease-proofing, 193 
Vidal process, 153 

Vinal safety glass, see Polyvinyl butyral; Safety 
glass; 14. 379 
Vinyl acetate. 304, 306 

, in acrylic tripolymers, 494 

copolymers. 234, 368, 504-506, 515, 517 

, history, 303-304 

manufacture, 307 

, monomer, 307 

polymerisation of, factors affecting, 

, 311.363-365 

, , inhibition of, 363 

, , methods, 310 

, sources, 30, 307 

, tripolymers. 357, 494 

, vinylidene chloride copolymer, 394 

acetylene, 69, 668, 570 

, butadiene from, 566 

, hydrogen chloride addition of, 670 

alcohol, 306 

n-butyl ether, 308 

<-butylphenol, polymeric, 447, 668 

preparation, 447, 668 

carbasole, 461-452 

catalysts in preparation of, 461 

properties, 452 

styrene copolymers, 453 

chloride, 303, 306 

history, 303 

lacquers, 318-319, 321 

manufacture, 306-307 

methyl acrylate copolymers, 363 

, monomer, 306-307 

resins, see Vinyl resins; 316-363 

^ coloring materials in, 320 

^ decomposition, 321 

^ distinction between hard and soft, 

318 

^ flame-spraying of, 109 

^ general properties, 317-319 

^ hard, 319-352 

^ ^ acrylonitrile elaatoprene 

combinations, 361 

, definition, 316 

, dieleotrio properties, 332-338 

, emulsions, 361 

, , extruded, 329-838 

. . fiUers in, 320, 328-831, 337, 

341-343. 346, 348-350 

, foamed, 361 

, , forms, 318, 888, 360-861 

, formulation of, 320, 824, 332- 

388 

, gels, 361 

^ ^ loading, 328-329 

, lubricants for, 820-321 

, , molding materials, 860 

^ in Organosols, 360-351 

, , plasticised, 322-328, 565 

, in Plastiscfis, 360-361 

^ ^ prices, 352 

, properties, 817, 320-862 
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, cdieetipg, 338~350 

, , Bolubilities, 317 

, , sponge, 361 

, thermal stabilisation of, 


321-322 



356 


, trade names, 352 

, uses, 318. 321. 329-351 

, vuloanisation of. 361 

, wire and cable coating from, 

soft, 352-363 

, compatibilities, 355 

, composition, 852 

, definition, 316 

, fillers in, 349 

, forms, 318, 362 

, formulation of, 355-356 

, grades, 352 

, molding compounds, 359-360 

, molecular weight, 353 

, properties, 352-357, 359-362 

, rigid sheets, 359-361 

, solubiUties, 317, 353-354 

, surface coatings, 353-359 

, textile fibers. 107, 362 

, thermal stabilisation of, 353 

, uses, 318, 352-363 

, viscosity phase diagram, 353, 

-, , viscosity of solutions of. 


353, 355 

^ solubilities, 319 

, strength-temperature relations, 

321 


, vinylidene chloride copolymers, see 

Polyvinylidene chloride; 363, 392-395, 409 

d-chloroethyl ether, 308 

ether copolymers, 369 

ethers, 306, 308, 451 

, polymerisation catalysts, 369 

, properties, 308 

ethyl ether, 308 

Vinylidene chloride, polymerisation, 391-398 

— — polymers, see Polyvinylidene chloride; 

363, 392-n394, 409 

, vinyl acetate copolymers, 394 

Vinyl lacquers, 357-368 

methyl e^er, 308 

monomers, 306-808 

phenyl ether, 308 

polymers, commercial products, 315-387 

polymerisation. 308-315 

, factors affecting, 310-312 

, industrial processes. 309-310 

, inhibition of, 311, 369 

, molecular weight distribution in, 65, 312 

resins, see Specific types; 303-390, 531 

, classification, 315-316, 

, commercial products, 315-387 

, compatibilities, 291, 356, 631, 696 

, degree of pdymerisation, 309 

, from ethylene, 34-35, 306 

fibers from, 107, 862 

, fractionation of, 65, 812-316 

. history, 803-806 

, in large paekagingf 862-368 

, molecular weight, 58, 309 

^ distribution in, 56, 312-315 

, “Organosols,** 805, 318, 350-361 

in phonograj^ records, 6 

, plasticisers for, 822-328, 382-344, 846- 

347 865 

, **Pla«tisolB,*’ 806, 818, 360-851 


, prices, 305 

, primary, 316-370 

, production volume, 306 

, properties vs molecular weight, 312-315 

, secondary, 316, 371-387 

, sources, 30, 34-35, 303 

, spinning, 107, 362 

, stabilization, 322, 375 

, uses, 318, 321, 362-363 

sheeting, 305 

— I — tripolymers, 363, 367, 359-360 
Viscose, see Cellulose, regenerated; Rayon; 16, 
705-713 

crumbs, 709 

, delustered, 711 

rayon, fabrication of, 711 

, high strength, 711 

, history, 16. 704-706 

, hysteresis, 275, 277 

, manufacture, 706-711 

, molecular degradation in, 709 

, production volume, 706, 710-711 

, spinning, 107, 710 

, tenacity, 275 

, ripening, 709-710 

Viscosimeter, falling ball, 63, 649 
Viseosimetry, molecular weight by, 52-54, 637 
Viscosity, absolute, definition, 53 

constant, Staudinger, for polybutenes, 687 

index, polybutenes as flatteners of, 589, 591 

, intrinsic, definition, 264 

, relative, definition, 52, 54 

, of resin solutions, 64 

, specific, definition, 62, 54 

, , Huggins’ relationship with molecular 

weight, 53 

stabilizers, for nylon, 269 

Vulcanizable plasticizers, 517 
Vulcanization, 53 1-532 > 637, 542 

accelerators, 208, 542-544 

, antioxidants in, 532 

, of “Butyl” rubber, 593-594 

, chlorinated rubber, 632 

, history, 8, 9 

, of latex, 535 

, polyvinyl acetate, 617 

, alcohol, 374 

Vulcanized fiber, 636-637, 641-642 

, available forms, 642 

, manufacture, 641-642 

, properties, 642 

, trade names, 642 

, uses, 642 

Vulcanizing agents, 641-542 
, for elastothiomers, 602 

W 

Wall covering, wood veneer laminates in, 157 
Walnut oil, in alkyds, 248 

dhell flour, in phenolics, 129, 159 

Warpage, in oeUulose nitrate, 654-655 

, molded plastic parts, 66, 72 

Wastes, agricultural, utilization of, 718 

misoellaneous, lignin content of, 735 

Waste sulfite liquors, plastics from, 44, 718, 721-727 
Water gas, formaldehyde from, 28 

, from natural gas, 33 

, as resin source, 28-29 

repellents, silicones in, 762 

, for textiles, 704 

Waxes, 218, 291, 645 
, chlorinated biphenyl in, 769 



SUBJECT INDEX 


W«ac8f, oomjMtibilitiea, 291, 296, SOO 

poiybuten^s as plastidiers for, 591 
Webbing agent, polsryinylidene chloride as,' 363, 409 
Wetting agents, in chlorinated rubber, 631 

, in latex impregnation, 636 

Wheat flour, in urea adhesives, 189 
straw, 637 

White lead, basic, as vinyl stabiliser, 322 
Whiting, as resin filler, 328-331, 346, 348. 546 
Williamson synthesis, 687 

Windows, double glased, polyvinyl butyral in, 386 
Wire coating, resins in, 274, 284, 304, 329-338, 
494, 647, 697, 763, 773, 778 
Wo6d, Bte Plywood 

chips, plastics from, 728-729 

, composition, 719 

distillation, 719 

flour, manufacture, 129 

, in phenolics, 77, 129-131, 134-140 

, preforms, 77 * 

, sources, 129 

in “Styraloy,” 600 

, urea adhesives, 189 

, imitation, molded. 366, 379 

, laminated, resin impregnated, 155-166 

, lignin from, 718-729 

, metal reinforced, 166, 167 

, molded, polyvinyl acetal as binder for, 379 

, phenolic impregnated, 166 

, plastirisation with urea, 194-196 

— ' — , plastic, polyvinyl acetal in, 379 
, properties, 156 

pulp, see Kraft, Soda, Sulfate, and Sulfite 

processes 

, cellulose nitrate from, 644 

micelles in, 641 

^ molded, 636 

as plastics source, 42-43 

production methods. 42-43 

^ in viscose manufacture, 708 

putty, polyvinyl acetate in, 367 

resin products, miscellaneous, 167 

sugar, 718, 720-721 

transmuted, 194-196 

veneer, see Plywood; 96 

, humidity of in phenolic bonding, 152 

, urea bonding, 191 

^ resiu'impregnated, woven, 167 

Wool, 269-260 

, casein, see Casein wool; 739-740 

, , dyeing of, 740 

— ^ stabilisation, melamines in, 199, 206 

X 

X-ray pattern, of cellulose, 640-641 
, elastothiomers, 602 


^ high polymers, 2 

, nylon, 266-267 

^ polybutenes, 684 

polyohloroprene, 572 

, cD-polyesters, 228 

^ polyvinylidene chloride^ 395, 397- 

398 

, rubber, 630 

, rubber hydrochloride, 624, 626 

Xylenols, in coumarone resins, 293 

phenolics, 121-124, 164 

Xyloidine, cotton, 10 
Xylonite, 10 

Xylyl mercaptan, as masticating agent for S 3 mthetic 
rubber, 565 

Y 

Yarns, resin coated, ethyl cellulose in, 701 
Z 

Zein, 45, 738, 748-760 

, aldehyde treatment of, 747, 749 

, content in com, 748 

. denaturation, 749-760 

, hardening, 749 

, manufacture, 748 

, plasticisation, 749-760 

, rosin in, 750 

, as shellac substitute, 760 

, solvents for, 748-749 

, stabilization, 749-760 

, uses, 760 

Zeolites, organic analogs, see Ion exchange agents 
Zinc ammonia complexes, reaction with polyvinyl 
alcohol, 374 

benzothiazyl sulfide, 643 

butyl dithiocarbamate, in “Butyl” rubber, 

593 

butyl xanthate, 544 

chloride, as cellulose acetate catalyst, 668 

, as latex precipitant, 636 

, in vulcanized fiber manufacture, 642 

compounds, in vinyK-butyl phenol prepara- 
tion, 568 

, vinyl ftarbazole preparation, 461 

die castings, as cellulose acetate inserts, 677 

dust, as vulcanization inhibitor in elasto- 
thiomers, 602 

naphthenate, in chlorinated rubber, 631 

oxide, in alkyds, 250 

^ — elastothiomers, 602, 604-606, 607 

, rubber, 633, 644-646 

stearate, in “Butyl” rubber, 592 

yellow, in vinyl tripolymer, 369 

Zone molding, of metha^ylatea, 490 
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